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Optimization of Water-Level Monitoring Networks in the
Eastern Snake River Plain Aquifer Using a Kriging-Based

Genetic Algorithm Method

By Jason C. Fisher

Abstract

Long-term groundwater monitoring networks can provide
essential information for the planning and management
of water resources. Budget constraints in water resource
management agencies often mean a reduction in the number
of observation wells included in a monitoring network.
A network design tool, distributed as an R package, was
developed to determine which wells to exclude from a
monitoring network because they add little or no beneficial
information. A kriging-based genetic algorithm method was
used to optimize the monitoring network. The algorithm
was used to find the set of wells whose removal leads to
the smallest increase in the weighted sum of the (1) mean
standard error at all nodes in the kriging grid where the water
table is estimated, (2) root-mean-squared-error between the
measured and estimated water-level elevation at the removed
sites, (3) mean standard deviation of measurements across
time at the removed sites, and (4) mean measurement error of
wells in the reduced network. The solution to the optimization
problem (the best wells to retain in the monitoring network)
depends on the total number of wells removed; this number is
a management decision. The network design tool was applied
to optimize two observation well networks monitoring the
water table of the eastern Snake River Plain aquifer, Idaho;
these networks include the 2008 Federal-State Cooperative
water-level monitoring network (Co-op network) with
166 observation wells, and the 2008 U.S. Geological Survey-
Idaho National Laboratory water-level monitoring network
(USGS-INL network) with 171 wells. Each water-level
monitoring network was optimized five times: by removing
(1) 10, (2) 20, (3) 40, (4) 60, and (5) 80 observation wells
from the original network. An examination of the trade-offs
associated with changes in the number of wells to remove
indicates that 20 wells can be removed from the Co-op
network with a relatively small degradation of the estimated
water table map, and 40 wells can be removed from the
USGS-INL network before the water table map degradation
accelerates. The optimal network designs indicate the
robustness of the network design tool. Observation wells were
removed from high well-density areas of the network while
retaining the spatial pattern of the existing water-table map.

Introduction

Long-term groundwater monitoring networks have
provided vital information for sustainable water resources
management in the eastern Snake River Plain (ESRP) (figs. 1
and 2), ldaho. Data from these networks have been used to
validate groundwater flow models, to evaluate the response
of groundwater levels to artificial recharge efforts and
changing climatic drivers, and to review water rights with
respect to the long-term sustainability of aquifer resources.
Given the high costs associated with the maintenance of
these networks, development of efficient network designs
is essential. The design of a groundwater-level monitoring
network is dependent on the spatial and temporal distribution
of water levels in the aquifer. These distributions are
extremely complicated in the ESRP given its diverse geology,
perched alluvial conditions that overlie the regional aquifer,
and variable fluxes between groundwater and surface water
(Whitehead, 1992). Care must be taken to include the many
complex factors involved when describing the groundwater
system; for example, statistical procedures must be used to
simulate the water-table surface (that is, the surface where
the water pressure head is equal to the atmospheric pressure)
of the aquifer. A more efficient network of monitoring wells
may be established by evaluating the value of observations
measured at each well and the degree to which observations
are redundant, and then removing low-value or redundant
wells from the observation network. A heuristic optimization
procedure for identifying these redundant wells is presented
in this report. Heuristic is a technique for efficiently guiding
the process of optimization; it does not guarantee that the
best solution will be found. This study was conducted by
the U.S. Geological Survey (USGS) in cooperation with
the U.S. Bureau of Reclamation (Reclamation) and the U.S.
Department of Energy (DOE).
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Previous Investigations

Groundwater monitoring networks can be classified into
two categories: (1) water-quality monitoring networks, and
(2) water-level monitoring networks. A typical objective for
long-term monitoring of water quality is the development
of a cost-effective design that adequately characterizes a
contaminant plume. Examples of such networks are given
by Grabow and others (1993), Reed and others (2000), Lin
and Rouhani (2001), Cameron and Hunter (2002), Aziz
and others (2003), Passarella and others (2003), Nunes and
others (2004b), Herrera and Pinder (2005), Yeh and others
(2006), Li and Hilton (2007), and Dhar and Datta (2010). For
long-term monitoring of water levels, the typical objective is
the development of a cost-effective design for water resources
management that retains adequate overall prediction accuracy.
Examples of such networks are given by Gangopadhyay and
others (2001), Asefa and others (2004), Nunes and others
(2004a), and Khan and others (2008).

Loaiciga and others (1992) classified the general
approaches to network design into two categories:

(1) hydrogeologic, when no advanced statistical methods are
used; and (2) statistical, when advanced statistical methods
are used. The statistical approach to network design can
include numerical models of groundwater flow and transport,
interpolation methods, and (or) statistical analysis. The
variance-based (also known as variance reduction) statistical
method uses the variance of the estimation error obtained from
kriging to assess the suitability of a given network (Nunes
and others, 2004a, 2004b). A given monitoring network has
an uncertainty (quantified as the variance of the estimation
error) that depends on the number and position of observation
wells in the monitoring network. Adding wells to this network
usually decreases uncertainty, whereas removing wells
usually increases it. These methods systematically search for
a set (that is, number and position) of observation wells that
minimize the variance of the estimation error.

In previous investigations, heuristic search methods,
including decision support tools and mathematical
optimization, were used to identify the best set of observation
wells in a monitoring network. Examples of decision
support tools include the monitoring and remediation
optimization system (MAROS) (Aziz and others, 2003) and
the geostatistical temporal/spatial (GTS) algorithm (Cameron
and Hunter, 2002). Decision support tools typically are
applicable only to a specific class of problems; therefore,
mathematical optimization techniques that are applicable
to a variety of problems have been adopted much more
widely for network design problems. Reducing the number
of observation wells in an existing monitoring network is a
non-linear combinatorial problem and, therefore, is well suited
for heuristic algorithms. Genetic algorithms (GAs), simulated

annealing (SA), support vector machines (SVMs), and

colony optimization (ACO), and the branch-and-bound (BB)
algorithm are search heuristics that have been used to optimize
long-term-monitoring networks. For example, Reed and
others (2000) optimized monitoring networks using inverse
distance weighting (IDW) and ordinary kriging (OK) using
heuristic GAs and simulation models. Similarly, Nunes and
others (2004a) used SA with statistical methods to maximize
spatial accuracy and to minimize temporal redundancy of

a large groundwater monitoring network. Asefa and others
(2004) present a methodology based on SVMs for designing

a water-level monitoring network that identifies observation
well locations based on their importance in explaining the
potentiometric surface. Li and Hilton (2007) used an ACO
algorithm with IDW to derive a reduced configuration of a
trichloroethylene concentration monitoring well network. Dhar
and Datta (2010) developed a methodology for designing a
water-quality monitoring network by formulating the problem
as a logic-based mixed-integer linear optimization model and
solving it using the BB algorithm.

Purpose and Scope

The purpose of this report is to present a heuristic
network design tool for optimizing long-term monitoring
networks. This tool is applied to determine cost-effective
designs for two preexisting water-level monitoring networks
in the ESRP aquifer. Monitoring costs are reduced by
eliminating data redundancy in the existing networks—that is,
by removing observation wells that have little-to-no effect on
the overall water table characterization. A genetic algorithm is
used to search for the optimal network design using multiple
objectives to evaluate candidate subsets of observation
wells within an existing monitoring network. The design
objectives considered are to: (1) minimize the interpolation
error in the water-table map, (2) preserve local anomalies
in the water-table surface, (3) preserve the variability of
water-level measurements over time, and (4) maintain wells
with higher measurement accuracy. The individual objectives
are combined into a single composite objective function.

The spatial interpolation technique, universal kriging (UK),
is embedded in the optimization formulation for estimating
water-level elevations at unmonitored locations. The total
number of wells to remove from the original network is

a management decision. Network efficiency is expected

to change as more data and resources become available;
therefore, a reexamination of the network design every few
years may help determine the effectiveness of a groundwater
monitoring program. The network design tool is applied
separately to each water-level monitoring network in

the ESRP.



The model of the semivariogram, which describes
the spatial variability of the water table and is used as
input for UK, is calculated using 2008 median water-level
measurements in observation wells of both monitoring
networks. Because of budgetary constraints on the
groundwater monitoring programs shortly after 2008, this
period was selected. The optimized monitoring networks
provided in this report can be used to evaluate observation
well reductions made since 2008 through a comparison of the
optimized networks with the networks currently (2013) in use,
and to facilitate the design of future groundwater monitoring
networks in the ESRP aquifer.

Description of Study Area

The study area is the ESRP in Idaho, a relatively flat
topographic depression, about 270 km long and 100 km wide
(fig. 1). Land surface elevations range from about 700 m
above the North American Vertical Datum of 1988 (NAVD 88)
near the Thousand Springs area in the southwest to more than
2,000 m near the Yellowstone Plateau in the northeastern
part of the plain. The ESRP crosses the roughly northwest
fault-bounded mountain ranges of eastern Idaho from
southwest to northeast (fig. 1). The steep mountain ranges
bordering the plain are about 2,000-3,500 m in elevation,
and collect as much as 150 cm per year of snow during the
winter, which melts in late spring and early summer. The
ESRP is a semiarid sagebrush steppe with warm summers
and cold winters, and precipitation averaging 20 cm per year
(Garabedian, 1992, p. 2).

The ESRP is the track of the time-transgressive
Yellowstone Hotspot super-caldera eruptions (Pierce and
Morgan, 1992). Each caldera system began as a high geoid
anomaly, followed by several super-caldera eruptions of
mostly rhyolitic material. After each super-caldera eruptions
ceased, a quiescent period followed, during which basalt
erupted in response to continued high heat flow. Post
super-caldera, thermal contraction, and emplacement of a
mafic sill in the mid-crust caused continuing subsidence
(Rodgers and others, 2002).

The entire ESRP is subsiding, although subsidence is
not uniform and localized depocenters collect sediment and
are thought to have considerable control on groundwater
movement in the aquifer (Fisher and Twining, 2011, p. 36).
The Idaho National Laboratory (INL) occupies a prominent
depocenter, informally named the Big Lost Trough, which is
bounded on the north, east, and south by volcanic highlands.
The Big Lost Trough may have as much as 15 percent
sediment interbedded between basalt flows (Anderson
and Liszewksi, 1997). Sediment also accumulates along
the margins of the ESRP and is typically accompanied by
agriculture in these areas (fig. 1).
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The ESRP aquifer generally is considered an unconfined
aquifer; however, sediment layers near the INL behave
as confining units (Fisher and Twining, 2011, p. 34).
Groundwater flows in a regionally southwest direction and
discharges mainly through large springs and seeps along the
Snake River in the Thousand Springs area in the southwestern
part of the plain (fig. 1). Groundwater moves horizontally
through basalt interflow zones, and vertically through joints
and interfingering edges of interflow zones. Infiltration of
surface water, heavy pumpage, geologic conditions, and
seasonal fluxes of recharge and discharge locally affect the
movement of groundwater in the aquifer. Recharge to the
aquifer is from infiltration of precipitation, groundwater inflow
from tributary drainages, infiltration of surface water diverted
for irrigation, and stream and canal losses (Garabedian, 1992,
p. 11). Land irrigated with groundwater on the ESRP is along
the southeastern and southern margins of the plain, from north
of Idaho Falls to west of Twin Falls, and in the Mud Lake area
northeast of the INL (figs. 1 and 2) (Ackerman and others,
20086, p. 6).

Water-Level Monitoring Networks

Long-term water-level monitoring networks were
established in the ESRP aquifer to identify changes in storage
and the general rate and direction of groundwater flow in the
aquifer. In this study, only water levels representative of the
water table in the ESRP aquifer were important. For example,
observation wells screened across or just below the water table
are excellent indicators of the water-table elevation, whereas,
wells screened in locations of perched groundwater or deeper
confined aquifers are poor indicators and were excluded from
the analysis of the monitoring network.

Federal-State Cooperative Water-Level
Monitoring Network

The Federal-State Cooperative water-level monitoring
network (Co-op network) is administered by the USGS,
Reclamation, and the Idaho Department of Water Resources
(IDWR). At the end of 2008, water-level elevations in
166 observation wells were measured annually, semi-annually,
quarterly, bi-monthly, or monthly by the USGS and
Reclamation. The spatial distribution of these wells in the
ESRP is shown in figure 1. Observation wells cover most of
the plain, except for the INL. Site information (such as, local
name, map number, and site number) for each well in the
network is given in table 5 (at back of report).
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U.S. Geological Survey-ldaho National
Laboratory Water-Level Monitoring Network

The U.S. Geological Survey-ldaho National Laboratory
(USGS-INL) water-level monitoring network (USGS-INL
network) is administered by the USGS-INL Project Office in
cooperation with the DOE. At the end of 2008, water-level
elevations in 171 observation wells were measured annually,
semi-annually, quarterly, or monthly by the USGS. The spatial
distribution of these wells in and near the INL is shown in
figure 2. The west, east, north, and south bounding coordinates
of these wells are about 113°17', 112°17', 43°57°, and 43°19',
respectively. USGS-INL network coverage is densest around
INL facilities. Site information for each well in the network is
given in table 5.

Methods

Sources and Descriptions of Data

Existing sources of information for the observation
wells include: geographic coordinates (that is, longitude,
latitude, and elevation) of the land surface reference point
for water-level measurements (measurement point); and
depth-to-water measurements. Depth-to-water measurements
are easily converted to water-level elevations by subtracting
depth-to-water measurements from the elevation at
land surface.

Geographic Coordinates

Methods for determining the spatial location of the
land surface reference point of a well varied throughout
the networks. The least accurate geographic coordinates
were interpolated from USGS topographic maps and were
accurate to about plus-or-minus () 30 m (or 1 arc-second)
in the horizontal direction and to about +3.66 m in the
vertical direction. The most accurate coordinate positions
were determined by a professional land surveyor licensed
in the State of Idaho using a Differential Global Positioning
System. Surveyed positions were accurate to about £0.3 m
(0.01 arc-second) in the horizontal direction and £0.003 m
in the vertical direction. The horizontal position is expressed
in latitude and longitude in conformance with the North
American Datum of 1983 (NAD 83). The vertical position is

expressed as the elevation above the NAVD 88. Geographic
coordinates of the land surface reference point at each
observation well are given in table 5. For wells in both
monitoring networks (the number of sites [n] = 335), the mean
reference-point error is 0.36 m, with a standard deviation of
0.78 m.

Water Levels

Water levels were obtained by subtracting the depth to
water from the elevation of the land-surface measurement
point. Water-depth measurements were obtained by the
USGS using steel or electric measuring tapes. The depth to
the water level below the land-surface reference point were
accurate to £0.01 m (£0.02 ft), although a few measurements
obtained under less-than-ideal conditions (for example,
when condensation accumulated in the borehole) had errors
greater than £0.01 m. The period of record and frequency
of monitoring is variable for each observation well, with
the earliest water-levels recorded in 1922. The historical
variability of water-level measurements in a well over
the entire period of record is described with the standard
deviation (o, ) (table 5). The standard deviation is a measure
of the seasonal fluctuations in the water table as well as
long-term trends. Standard deviations are shown spatially
and proportionally in figure 3. For wells in both monitoring
networks, the standard deviation ranged from 0.15 to 10.31 m,
with a median value of 1.55 m. These standard deviations are
small relative to the range of measured hydraulic heads across
the region.

Water-level data obtained during the 2008 calendar
year were used to estimate the water-table surfaces. In 2008,
the number of measurements collected in each well ranged
from 1 to 63, with a mean of 5. The 2008 median water-level
elevation was determined for each well and expressed as
an elevation above the NAVD 88 (table 5). Summing the
measurement errors of measurement point elevation and
depth-to-water gives the measurement error of the water-
level elevations. This error estimate assumes that the
borehole is vertical. The mean measurement error for 2008
water-level elevations was determined for each observation
well (table 5, fig. 4) and ranged from 0.01 to 3.66 m, with a
median value of 0.01 m. Mean measurement errors greater
than 0.03 m in certain observation wells were because of the
large measurement error for the elevation of the land surface
reference point at these wells.
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Interpolation of the Water Table

The geostatistical technique known as kriging is used
to interpolate and extrapolate the water-level elevation at
unmeasured locations in the ESRP aquifer. Snyder (2008,

p. 19) describes kriging as a type of spatial moving average,
where the value at an unmeasured location is estimated as

a weighted average of the measured values. The weights
assigned to the measured values depend on spatial trends
and possible correlations in the data (Bossong and others,
1999, p. 4). Correlation between measurements at two sites
is assumed to depend on the separation distance between

the two sites. Generally, measurement sites that are close
together have a smaller difference in measured values

than those farther apart. The degree of spatial correlation

is quantified with the experimental semivariogram, which
measures correlation between measurements as a function of
distance between the measurement points. Kriging computes
an estimate best representing the spatial distribution of the
measured values based on a semivariogram model that is
fitted to the experimental semivariogram and a minimization
of the estimation variance (or estimation error) at measured
locations. Each estimate is accompanied by a corresponding
standard error.

One of the key assumptions of kriging is that of
stationarity (Isaaks and Srivastava, 1989, p. 349). Stationarity
requires that the expected value (that is, the mean) of the data
being estimated does not change when shifted in space, and
that the modeled semivariogram is the same everywhere.
This assumption is violated whenever there is a significant
spatial trend in the measured values. For example, measured
water-level elevations in the ESRP aquifer show a consistent,
decreasing trend in the southwest direction (Lindholm and
others, 1988). In such cases, nonstationarity can be accounted
for in the data by use of a trend model. The trend model used
for this report is a simple polynomial function (planar) fit
to the data using linear regression®. Residuals are obtained
by subtracting the trend from the measured data. Because
the residuals should be stationary, kriging is applied to the
residuals and the resulting estimate is added back to the trend
to compute an estimate of the measured values. This method
of kriging with a trend model is known in geostatistics as
universal kriging (UK) (Pebesma, 2004).

1 An external drift function using topographic elevation from a digital
elevation model was also considered for this analysis. Kriging with an external
drift (KED) assumes that the water table is a subdued replica of the topography.
The relatively large permeability and low areal recharge rate of the ESRP
aquifer indicate that the water table is essentially unrelated to the topography
(Haitjema and Mitchell-Bruker, 2005, p. 786); thus, invalidating a key
assumption of KED.
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Kriging Formulation

A UK model was used for point estimates of water-level
elevations in the ESRP aquifer. A general description of
the kriging formulation is provided in many geostatistical
texts such as Isaaks and Srivastava (1989, p. 278-322) and
Kitanidis (1997, p. 125-127). A UK model is formulated here
to describe water-level estimates in this study.

The UK model represents the water-level elevations
as wavering about a deterministic function (or trend), and
information about the scale and intensity of fluctuations
about this trend is provided by a random function with zero
mean and a correlation structure (Kitanidis, 1997, p. 120). In
mathematical terms, this is expressed as:

z(s)=m(s)+e(s) @)
where
S is a pair of Cartesian coordinates describing

the geographic location (point);

2(s) is the median water-level elevation for the
2008 measurements at point s, in meters
above NAVD 88;

m(s) is the deterministic part of z at point s, in
meters above NAVD 88; and

e(s) is the stochastic part of z at point s, in meters.

A boldface algebraic symbol (such as, s in equation 1) is used
to denote a vector quantity. The deterministic function m(s), is
called the trend and is defined as the expected value (E) of the
water-level elevations, denoted by:

E[z(s)]=m(s). )
Trend is modeled as a linear polynomial function and is
defined as the least-squares fit of a planar surface to the
measured data, described by:
m(s) =B, + B, x(s)+ B, y(s) ®)
where
X(S) is the x coordinate (or easterly value) at
point s, in meters;
y(s) is the y coordinate (or northerly value) at
point s, in meters;
B is a deterministic unknown trend coefficient,
in meters above NAVD 88; and
B, B, are deterministic unknown trend coefficients.
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To obtain an estimate of z at a point s, (an estimation point) from water-level elevation
measurements z(s,), z(S,),..., z(S,), the following are required:

1. The estimate is a linear function of measured data, that is:
i(s)) =>4 2(s) (4)
i=1

where
Z(s,) s the estimate of z at point s,,
z(s;) is the measurement of z at point s;,
A is the coefficient corresponding to well site i, and
n is the total number of measurement sites.

2. The estimate at measured points is unbiased, that is:

E[Z(s,) - 2(s,)] =0. )

3. The estimated variance in square meters at point s, (opy (S,)) should be as small as
possible, where variance is defined as:

ohe () =E| (2(s)-2(s))" ] (6)

The unbiased condition (equation 5), combined with the estimate in equation (4) and the trend
model in equation (3) becomes:

3 i,z(si)—z(so)}:o (7)
]

n

130 /1| _ﬂo +ﬂlzn:/7ﬁ X(si)_ﬂlx(so)+ﬁzzn:

i=1 i=1 i=1

-~
<
—_
%)
N—
I
=
<
—_
w

o
N—
[

o

Bo (Z’l ‘1}@(24 X(Si)—x(so)j+/32 'n A y(si)—y(so)):o.

i=1

For this condition (equation 7) to hold for any values of 3,, B,, and 3, requires that:

zx -1, i),ix(si):x(so), and 3 2 y(s,) = »(s, ). (8)

i=l1



The estimated variance (equation 6), combined with the estimate in equation (4), becomes:

ol (5 KZA z H )

Adding and subtracting the trend (m) from the estimated variance (equation 9) gives

o (5,) = E ( ﬁ,,z(si)—z(so)+m(so)—m(so)j2:l (10)

=E

=22 A% E[e(si)e(sj)J—ZiZ:‘ﬂ,, E[e(si)e(so)}rE[e(so)z}

For random variables X and Y, the covariance (cov) between variables is defined as:
cov(X,¥)=E[XY]-E[X]|E[¥]=E[(X -E[X])(¥ -E[¥])]. (11)

Therefore, between any two points, s and s/, the covariance of the residual component in square
meters is denoted as C,(s, s'). Rewriting equation (10) in terms of C, gives:

ol (s ZZ/I/IjCe(si,s) 2ZAC (5.,50)+C. (5555, )- (12)

i=l j=1

Where C, is equal to the variance of e in square meters (o) minus the semivariogram of e in
square meters (y, ), or:

C.(5,8)=C. (50,5 )~ 7. (5.8 ) =02 =7.(s,8"). (13)

The estimated variance (equation 12) is then expressed using the semivariogram as:

oo (s ZZ [ (Sl,s )]—ZZ&[Gf—yC(SpSO)J+Gf. (14)

i=1 j=1

Methods
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Coefficients 4,,4,,..., 4, are estimated by minimizing the expression of equation (14) subject to
the linear constraints of equation (8), or:

n

inimnlnezgznlzn“)ﬁlj [0'62 —7. (Si,sj)]—22“ﬂ,l [03 N ACKE) )J +o! (15)

i=l j=I i=1

subject to:
Zn:li =1
i=1
2 Ax(s)=x(s))
i=1
Z’li y(s)=y(sy)
i=1

where
R is the set of all real numbers.

Once the A coefficients have been determined, they are substituted back into equations (4) and
(14) to determine estimates of the water-level elevation and variance, respectively. The
calculated standard error (o, ) in meters is equal to the square root of the estimated variance.
Universal kriging requires that the semivariogram of the residual component (y,) be known
beforehand.

Semivariogram Formulation

The semivariogram is used to characterize the degree of spatial correlation present in
the data. The semivariogram is developed for e, the residual component of equation (1). The
residual is obtained by combining equations (1) and (3):

e(S):z(S)—m(S)zz(S)—ﬁO—ﬂlx(s)—ﬂzy(s). (16)

Coefficients 3, f,, and B, are estimated through linear regression analysis by minimizing the
sum of the squared difference between the measured values (z) and the linear trend model (m),
or:

Bo-Bi.BreR

minimizei[z(si)—ﬂo—ﬂlx(si)—ﬂzy(si)f. (17)

The mean is the expected value (E) of the residuals denoted by:

u.(s)=E[e(s)]. (18)
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Kriging assumes that the residuals are mean-centered; therefore, the mean of the residuals is
denoted by:

E[e(s)]=0. (19)

The semivariogram y, is defined as one-half the variance (var) of the difference between
residuals at points s and s”:

7.(6.8) = var[e(s) ~e(s)]. (20)
For a random variable X with an expected value E[X], the variance of X is defined as:
var(X) =E[ (X -E[X])" |=E[X*]-(E[X])". (21)
Therefore, equation (20) may be expressed as:
{ E[(e(s)-e(s))" |- (E[e(s) -e(s])'} (22)
[
[
E[ (e(s)-e(s))’ |

To facilitate the semivariogram estimation, it is assumed that the semivariogram depends only
on the distance between pairs of measurement points, that is:

J/e (57 S,) -

E

——

(e(s)- e(s)z} (E [e(s)]—E[e(S’)])z}

E

—_——

(e(9)-e(s))* |- (0-0)*}

NI»—‘ NI»—‘ NI»— NI»—

Y (s,8) =7 (h), (23)

h\/xx yy)

where
h is the distance measured between point pairs s and s/, in meters;
X,y  are coordinates where measurements were taken (s points); and
X,y are coordinates where measurements were taken (s’ points).

The semivariogram (equation 22) may then be expressed as:

, 1 2
y.(s.8") = EE[(e(s)—e(erh)) J (24)

13
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The empirical semivariogram (or sample semivariogram) (y, ), @ nonparametric estimate
of the semivariogram, is computed by grouping y, (h) values, which are in a given h interval
(or bin). The squared difference in residuals is averaged for point pairs separated by a
distance that is contained within the same bin (lag distance). Assuming isotropic conditions
(the orientation of the linear segment that connects two points is neglected), the empirical
semivariogram is defined as:

o 1 & > | =1
h) = - e(s)—e(s.+h)|, forh——Ah<h<h+—Ah, (25)
7. (h) 2Nh(h)§[ (s,)—e(s, +h)] > >

leth= lAh,zAh,éAh,zAh,...
2772772772

where
h is the lag distance (or the bin midpoint) at which the empirical semivariogram
- is computed, in meters;
7e(M s the empirical semivariogram, in square meters;
Ah is a constant bin width, in meters; and

N, isthe number of data pairs in each bin.

The empirical semivariogram is modeled with a continuous function that represents a
theoretical semivariogram (7,). A spherical model was selected for this report to represent the
theoretical semivariogram, expressed as:

C, forh>r
. 3h 1(hY
h)= c—-g)|——-=|—1] | forO<h<r 26
7, (h)=1g+( Q)Lr Z[rj} < (26)
0, forh=0

where
h is the lag distance in meters;
is the sill (or upper bound of the semivariogram), in square meters;
g is the nugget (or the semivariance of the residual at a lag distance of zero), in
square meters; and
r is the range (or lag distance at which the semivariogram reaches the sill), in
meters.

o

The range indicates the distance over which data are correlated (either positively or
negatively). Non-linear regression is used to fit the sill and range coefficients in the theoretical
semivariogram (equation 26); whereas, the nugget is set by visual inspection. The regression is
stated in the following optimization formulation:

L o~ T2
mlggglze;NhJ[n(hj)—y&( J)} 27)
where

n, isthe number of points in the empirical semivariogram.



Semivariogram Development

The semivariogram (7, in equation 14) was developed
using residual water-level elevations with respect to a regional
spatial trend (equation 16); in this study, trend is represented
as a planar function of coordinate variables. Regression
analysis was used to estimate values for the coefficients of the
planar trend model from the measured water-level elevations
(B,=951.2m, B, =0.00142, B, =0.00046) (equation 17).
An adjusted coefficient of determination [ R?] equal to
0.86 (probability of an observed result arising by chance
[p-value] = 2.2 x 10-16) indicates that the trend model fits
the data well and that the assumption of stationarity is valid.
Wells in both monitoring networks (n = 335) were included in
the analysis. Residuals calculated as the difference between
the actual measurements and the trend range from -215.0 to
236.0 m, with a mean and standard deviation of 0.0 m and
39.1 m, respectively.

Methods 15

The empirical semivariogram of the residuals based on
a constant bin width (Ah = 10,000 m) is shown in figure 5.
The spatial separation distance to which point pairs are
included in the semivariance estimates is 150 km (about half
of the maximum separation distance between point pairs).
There appears to be no nugget, indicating that continuity
of the water-level elevation is high over short distances.
Points in the empirical semivariogram are fit with a spherical
model (theoretical semivariogram) with nugget fixed at
zero (g=0m2, ¢ =1,949 m2, r = 153,991 m; coefficient of
determination [R?] = 0.82) (equation 26, fig. 5). Semivariance
values less than the computed sample variance of the residual
components (o = 1,531 m?) are positively correlated and
values greater than the sample variance are negatively
correlated.
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<+ Empirical semivariogram !
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Figure 5. Semivariogram analysis of water-level elevation residuals after
subtraction from trend. Numbers next to symbols refer to the number of
sampled data pairs in a lag-distance interval (V).
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Kriging Implementation

Kriging analysis was used to interpolate water levels at
points in a uniform grid (kriging grid) oriented north-south
and east-west with square blocks. The spatial resolution of
a kriging grid is specified using the length of a square block
side in the grid (£). A spatial resolution of £ equal to 500 m
is used for all map figures in this report. Selection of this
grid resolution was based on the inherent spatial variability
of observation wells in the ESRP. Three simulations of the
water-table surface were run using water-level elevations
measured from wells in: (1) the Co-op and USGS-INL
networks (n = 335), (2) the Co-op network (n = 166), and
(3) the USGS-INL network (n = 171). The area of analysis
for simulations (1) and (2) is defined by the generalized
boundary of the ESRP (fig. 1) (number of nodes in the kriging
grid [n.] = 112,325; area = 28,081 km?). The estimated
water-table surface (at 50-m contour intervals) based on
water-level measurements from wells in both networks is
shown in figure 6. The interpolated water table (ranging from
872.9to 1,742.8 m) is consistent with other water-table maps
constructed for the ESRP aquifer for 1928-30, 1956-58,
and 1980 (Stearns and others, 1938; Mundorff and others,
1964; Lindholm and others, 1988). The estimated water-table
surface (at 50-m contour intervals), based on water-level
measurements from wells only in the Co-op network, is shown
in figure 7A. A comparison of this water-table map with the
map derived from wells in both networks (fig. 6) shows large
differences in the shape of the water-table contours beneath
the INL and vicinity.

For kriging of water-level elevations measured from
wells in the USGS-INL network (simulation 3), the area of
analysis is defined by the part of the ESRP beneath the INL
and vicinity (n, = 18,394; area = 4,599 km?). The interpolated
water-table surface is described using a 5-m contour interval
(fig. 8A); the kriging-based water-table map is consistent with
a March—May 2008 water-table map for this area constructed
previously using a multilevel B-splines interpolation technique
(Fisher and Twining, 2011, fig. 4).

Prediction Uncertainty

An advantage of kriging (over other interpolation
algorithms such as IDW and splines) is that every estimate of
the water-level elevation is accompanied by a corresponding
measure of the uncertainty associated with the estimate (that
is, the standard error, or square root of the estimated variance;
equation 14). Values of standard error are basically a scaled
version of the distance to the nearest measurement point;
for example, standard error is zero at measured points and
increases as the density of the monitoring network decreases.
Standard error for kriging based on water levels measured
from wells in the Co-op network ranged from 1.5 to 31.4 m
(fig. 7B). The west-central part of the ESRP shows significant
uncertainty resulting from a scarcity of Co-op network wells
in this area. Standard error for kriging based on water levels
measured from wells in the USGS-INL network ranged from
0.6 to 31.0 m (fig. 8B); uncertainty is greatest in the southeast
and northeast corners of the kriging grid, areas without
USGS-INL network wells where extrapolated predictions are
subject to greater uncertainty.

Cross-Validation

Cross-validation is a specialized resampling procedure,
used here to (1) indicate if there are significant flaws in the
kriging model, and (2) identify locations where the water table
is most dynamic. The resampling procedure (David, 1976;
Delfiner, 1976), known as leave-one-out cross-validation,
uses all water-level measurements to estimate the spatial
trend (equation 3) and the theoretical semivariogram model
(equation 26). Leave-one-out cross-validation removes one
site from the data set (well sites in both monitoring networks
are included in this data set, n = 335) and estimates the
water-level elevation at that location by kriging with the
remaining data. The estimation error, that is, the difference
between the actual (z) and estimated values (z") at the location
of the omitted site (z - ), is then computed (table 5). This
procedure is repeated for each site in the data set.
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A. Water table based on the Co-op network
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(A) Estimated water table and (B) uncertainty from kriging of water levels measured in the Federal-
State Cooperative water-level monitoring network, eastern Snake River Plain, Idaho.
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B. Uncertainty based on the Co-op network
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A. Water table based on the USGS-INL network
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Figure 8. (A) Estimated water table and (B) uncertainty from kriging of water levels measured in the U.S.
Geological Survey-ldaho National Laboratory water-level monitoring network, Idaho National Laboratory and
vicinity, [daho.
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B. Uncertainty based on the USGS-INL network
113°12' 113° 112°48' 112°36'
I I |

Albers Equal-Area Conic projection, standard parallels 42°50'N, 44°10'N; 0 10 Miles
central meridian 113°00°W; North American Datum of 1927; Uniform T T |
kriging-grid block size (resolution) of 500 meters by 500 meters. LA B
0 5 10 Kilometers
EXPLANATION

Standard error from the application of kriging (5, }—in meters.

R

0 5 10 15 20 25 30
Eastern Snake River Plain o Well in the U.S. Geological Survey-ldaho National
Laboratory water-level monitoring network
— — — Idaho National Laboratory boundary (USGS-INL network) — 171 wells

Figure 8—Continued

21



22 Water-Level Monitoring Networks, Eastern Snake River Plain Aquifer Using a Kriging-Based Genetic Algorithm Method

A scatter plot of measured values and estimated values
in the leave-one-out cross-validation analysis is shown in
figure 9A. The slope of the regressed line (black dashed
line, slope = 1.1 meters per meter [m/m], R2 = 0.97) is about
45 degrees (gray solid line), indicating that the estimates
are not conditionally biased (Philip and Kitanidis, 1989,

p. 862). Conditional bias occurs when the kriging estimates
do not have the same variability (standard deviation) as the
measured values.

Figure 9B shows a scatter plot of the estimation error
versus the estimated values of water-level elevation at the
observation wells. Values of estimation error range from
-144.7 to 267.5 m, with a mean and standard deviation of
0.7 m and 23.6 m, respectively. The mean estimation error is
small (ideally zero), indicating an absence of systematic errors
that could lead to biased estimations from the kriging model.
Estimation error is equally scattered around a horizontal line
and independent of the magnitude of the estimated values
(R2 =-0.003). This indicates stationarity may be assumed
for the residual values (e). Points outside the 95-percent
confidence interval (plus or minus twice the standard
deviation) indicate that either the measurement is incorrect
or the area where the observation well is located requires
a denser network of wells (Theodossiou and Latinopoulos,
2006, p. 997).

An analysis of the spatial distribution of estimation
error identifies (1) important observations for constructing
the water-table map (such as isolated measurements that are
different and distant from surrounding observations), and
(2) confounding data that is in areas of high data density with
water levels much different from other local measurements.
Estimation error is shown in figure 10. Many of the locations
of larger positive estimation error (green circles) coincide
with areas of rapid change in the water table elevation. For
example, the largest green circles at observation wells 2, 98,
103, 105, and 166 are in areas of steep hydraulic gradients
along the margin of the ESRP. These wells are all paired
with a band of nearby wells with relatively large negative
estimation errors (red circles) that define the locations where
the hydraulic gradients rapidly flatten. This type of pairing
is also observed near the 1,440 m water-table contour where
a band of relatively large green circles is just upgradient of
a band of relatively large red circles (fig. 10). This area of
steep hydraulic gradient coincided with changes in aquifer
transmissivity near Mud Lake (fig. 2) (Lindholm and others,
1988). Relatively large estimation errors (both positive and
negative) also can occur at observation wells in sparsely
populated areas of the monitoring network. For example,
the large estimation error at well 87 (-44.93 m) probably is
because of its relative isolation within the network (about
21 km from the nearest neighboring well) and may indicate a
need for higher network density in this area.

In areas where the estimation errors are relatively large
and apparently random (that is, not because of the banding or
isolation), the data are possibly erroneous. Alternatively, these
relatively large estimation errors can be explained by extreme
local abnormalities in the water table resulting from irrigation
pumping, deep-percolation return flow beneath irrigated fields,
or both. For example, estimation errors are relatively large and
random in irrigated areas in the northeast and southwest parts
of the ESRP (figs. 1 and 10).

Optimization of Water-Level
Monitoring Networks

Each water-level monitoring network in the ESRP is
optimized separately. Individually optimizing each network
enables managers to adapt the results of this study into future
network designs. However, water-table maps typically are
interpolated from all available water-level data, with little-
to-no distinction made as to which network the observation
well belongs (other than to select wells from networks that
maintain a consistent level of data quality). A disadvantage of
individually optimizing each network is the omission of data
from other networks; the exclusion of this data can result in
data redundancy where network coverage overlaps and when
data from multiple networks are used in the interpolation. To
avoid this issue, network managers are encouraged to combine
resources and to optimize a single monitoring network.
Optimization of combined networks in the ESRP is beyond the
scope of this report.

Planning Objective

The planning objective for the water-level monitoring
networks is to reduce total monitoring costs by removing
wells from the original network because they add little
or no information characterizing the water table. In this
study, equal monitoring costs are assumed for each well.
Although the validity of this assumption is untrue (for
example, travel time can account for large variability in
monitoring costs), it permits wells to be evaluated exclusively
through a geostatistical analysis of the water-level elevation
measurements. An estimate of the true cost savings for an
optimized monitoring network is beyond the scope of this
study; however, decreases in the total number of wells in a
monitoring network typically will result in a reduction of total
monitoring costs.
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Design Criteria

To accomplish the established objective of the monitoring
networks, water levels should be measured at well sites
selected to satisfy the following design criteria:

1. The total number of wells in the optimized monitoring
network is fixed and based on a user-defined number
of wells to remove from the original network (n,).
Selecting an appropriate value for n, is a management
decision and typically requires a cost-benefit analysis.
To assist decision makers, optimal monitoring networks
corresponding to a variety of n, values are included in
this report.

2. Standard error from the application of kriging should
be as small as possible. For example, removal of an
observation well from an area of the monitoring network
where few wells exist typically would result in a large
increase in the interpolation error (defined as the mean
standard error for all points [or nodes] in the kriging grid);
therefore, this well would not likely be removed.

3. The difference between measured and estimated
water-level elevations indicates the importance of an
observation well for simulating the water-table surface.
For example, well sites with smaller differences are
less important because their exclusion from the existing
monitoring network would have little-to-no effect on
the distribution of water levels in the kriged surface.

In comparison, water-level distribution is much more
sensitive to observation wells in areas where differences
between measured and estimated values are large.
Localized water-table features are preserved by retaining
wells where the difference between measured and
estimated values is large.

4. The variability of water-level measurements is preserved
across time. Observation wells with hydrographs showing
prominent seasonal fluctuations and long-term trends
are important for understanding the availability and
sustainability of groundwater resources. For example,
observation wells along the margin of the ESRP should
show a stronger seasonality associated with recharge,
whereas wells in the center of the plain should have a
damped response. Near pumping areas, wells may have
a different type of seasonality, with low water levels
coinciding with peak demand. Informed decisions
about the aquifer often require an understanding of
seasonality. The standard deviation was used to identify
the temporal variations in water-level measurements.
Sites with small standard deviations are more likely to be
excluded from a monitoring network than sites with large
standard deviations.
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5. The measurement error of water-level elevations should
be as small as possible. Well sites with large measurement
error are more likely to be excluded from the network.
Measurement error is estimated as the sum of the
accuracy to which the measurement point elevation is
known plus the accuracy of the measurement method.

Each of these criteria (with the exception of design criterion
(1), the number of sites to remove) was converted to a
mathematical metric, and the metrics were combined into a
single multi-objective function that was used to identify a
water-level monitoring network satisfying the design criteria
as much as possible.

Multi-Objective Problem Formulation

The multi-objective problem is formulated as a
single-objective optimization where a weighted combination
of the design criteria is minimized. In mathematical terms, this
is expressed as:

o {F (x), for valid "decision variables"
minimize F (X) = . (28)
PR P(x), otherwise
where

z is the set of all integers;

X is the decision variables;

F’ is the "fitness” function, in meters;

F is the weighted-sum objective function, in
meters; and

P is the "penalty” function, in meters.

The minimum fitness value corresponds to the optimal
monitoring network. The fitness function is dependent on the
decision variables, a vector of integer values used to identify
observation wells in the existing monitoring network that will
not be included in the reduced network. The purpose of the
optimization solver is to find values of X that minimize the
fitness value.

For valid combinations of decision variables, the fitness
value is calculated using the function F, given by:

F(X)=wf, (X)+wfo (X)+w £y (X)+w, £, (X) (29)

where
f is the individual objective function, in meters;
and
w is the weighting coefficient.
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All the design criteria except for the management decision
of how many wells to remove from the existing monitoring
network (n,) are quantified by each of the individual objective
functions: f;, f,, f;, and f,. The relative influence of each
criterion may be established by varying the associated
weights: Wy, W,, W,, and w,.

For functions f, and f,, kriging estimates are based on
the reduced monitoring network, which includes all original
network wells that are not identified by the optimization solver
for removal. In mathematical terms, measurement points in the
reduced network are described using set-builder notation as:

s, forallie{ieZ|12i<n andig¢ x} (30)
where
n, isthe number of observation wells in the
existing monitoring network.
The function f, is the metric selected to minimize the
standard error, and is defined as:
LS 2 (5 ) 31
ﬁ :n_z GI?IK(Sn,i) ( )
hoi=l
where
Sni is the spatial coordinates corresponding to
node i in the kriging grid;
n, is the number of nodes in the kriging grid; and
ol (s,;)  Istheestimated variance at point s, ; based

on the reduced monitoring network
(equation 14), in square meters.

The summation in f, is over all nodes in the kriging grid
(equation 31). Because standard error in each node depends on
the proximity of nearby observation wells, removal of wells
from regions that have sparser data increases standard error
more than at nodes that are close to other supporting data.

The function f, is the metric selected to minimize the
root-mean-squared-error (RMSE), and is defined as:

(32)

f, :\/nirZ[Z(Si)—f(Si )]2

forallie{ieZ|1>i<n, andie x}

where
s;  isthe spatial coordinates at well site i;
z(s;) is the median water-level elevation at point s,
for the 2008 measurements, in meters; and
2(s;)  Iisthe estimated water-level elevation at

point s; based on measurements in the
reduced monitoring network, in meters
(equation 4).

The summation in f, is over well sites selected for removal from
the existing monitoring network (equation 32). Removal of well
sites with small differences between measured and estimated
values decreases the RMSE more than removing wells with
large differences.

The function f, is the metric selected to preserve the
variability of water-level measurements across time, and is
defined as

ﬂ:iZGZ(si) forallie{ieZ|1>i<n andiex} (33)
nr i

where
o,(s,) isthe standard deviation of all water-level
elevation measurements collected at point s;
across the period of record (duration varies

at each well site), in meters.

The summation in f, is over well sites selected for removal from
the existing monitoring network (equation 33). Removing wells
with small standard deviations preserves the variability more
than removing wells with large standard deviations.

The function f, is the metric selected to minimize the mean
measurement error, and is defined as:

1

fi= De,(s) forallie{ieZ|12i<n, andig x}(34)
n—n 5

where
&,(s) is the mean measurement error of z at point s,

estimated for the 2008 measurements, in
meters.

The summation in f, is over well sites in the reduced monitoring
network (equation 34). As expected, removing wells with large
measurement errors will decrease the mean measurement error
for the reduced monitoring network.

A penalty function, P, is used to penalize combinations of
decision variables that are non-unique (that is, when x contains
duplicate values) by setting the fitness value artificially large
(equation 28). The penalty function is given by:

P(x)=Cny, (35)
where
C is the penalty coefficient, in meters; and

Ngp IS the number of duplicate wells in x.



The linear dependency of P on n, indicates that, for
networks with too few wells, the penalty value is proportional
to the number of missing wells. For example, a network that

is missing only 1 well would be penalized less than a network
that is missing 20 wells. This helps to reduce the number of
calls to the penalty function. The penalty coefficient, C, is
selected to be arbitrarily large compared with the maximum
possible F value. The high computational costs associated
with kriging an infeasible network are circumvented by calling
the low-cost penalty function.

Genetic Algorithm

A genetic algorithm (GA) (Holland, 1975) is used to
find the best fitness value (that is, the minimum F’ value in
equation 28). GAs are adaptive heuristic search algorithms
that mimic the mechanics of natural selection and survival
of the fittest, and are well suited for solving combinatorial
optimization problems in which there is a large set of
candidate solutions. Koza (1992, p. 18) provides the following
definition of a GA:

“The genetic algorithm is a highly parallel
mathematical algorithm that transforms a set
(population) of individual mathematical objects
(typically fixed-length character strings patterned
after chromosome strings), each with an associated
fitness value, into a new population (i.e., the next
generation) using operations patterned after the
Darwinian principle of reproduction and survival
of the fittest and after naturally occurring genetic
operations (notably sexual recombination).”

In GA terminology, the array of decision variables (or

string of “genes”) in the optimization problem is called a
“chromosome”, which for the current problem defines the

set of observation wells being considered for removal from
the existing monitoring network (x). The integer values used
to identify wells in the original network (map numbers in
table 5) are coded in the chromosome as fixed-length binary
strings using Gray encoding (Gardner, 1986). A chromosome
represents a unique solution in the solution space, the
collection of all possible (or “candidate”) solutions to the
optimization problem. In this study, a chromosome describes a
single design solution for the reduced water-level monitoring
network (that is, well sites to exclude from the existing
monitoring network). Each design solution (a particular set
of wells uniquely defined in the chromosome) is assigned a
fitness value (F'), which summarizes how well the particular
set of wells meets the overall design objectives (described in
the section, Design Criteria). The GA operates on a collection
of chromosomes called a “population”; where the number of
chromosomes in a population is expressed as Noop:
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An implementation of the GA begins with a population
of random chromosomes (that is, suitable sets of randomly
selected observation wells). During each “generation”
(iteration) of the GA, the fitness of every chromosome in the
population is computed. A subset of chromosomes is selected
from the population based on their having superior fitness
values, and is copied to a new population. This ensures that the
best solutions can survive to the end of the GA run. The small
part of the population that is guaranteed to survive to the next
iteration is called “elitism” (r,). The rest of the new population
has many chromosomes modified from the present population.

Operators used to modify chromosomes include
“crossover” (also called recombination) and “mutation”.
Crossover is the process of combining part of the data from
two “parent” chromosomes to produce two new “child”
chromosomes. Parents are selected from the present population
using a linear-rank selection method. In linear-rank selection,
chromosomes are ranked from best fitness value (rank = 1)
to worst fitness value (rank = n.), and are selected with a
probability that is linearly proportional to their ranking. Part
of the data from each parent is combined using single-point
crossover—one crossover point on both parents’ chromosome
strings (decoded as integer values) is selected. All data from
the beginning of the chromosome to the crossover point is
swapped between the parents’ chromosomes to produce the
child chromosomes. There is a chance of introducing duplicate
well sites into the children during crossover. To discourage
this from happening, a child with duplicates is aborted, a
new crossover point is randomly selected, and again data are
swapped between parents. A limit is placed on the number of
times a child chromosome can be aborted (n,) to avoid biasing
the location of the crossover point. If n_ is exceeded, the
infeasible child chromosome containing duplicates survives
and its associated fitness value is penalized (equation 35). The
probability that crossover will occur between two parents is
called the *“crossover probability” (p,). If there is no crossover,
child chromosomes will be an exact copy of their parents.
After crossover, mutation takes place.

Mutation is the process of altering a gene on the child
chromosome. This mutation can result in the possible removal
of a well site, thereby maintaining genetic diversity in the
population from one iteration to the next. The location of
the gene (or well site) on the child chromosome that will be
mutated is randomly selected. The modified value for the
mutated gene is randomly selected from the set of wells not
already included in the child chromosome. The probability
that a mutation will occur on a child chromosome is called the
“mutation probability” (p,,). After crossover and mutation, the
child chromosomes are copied to the new population.
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New parents are selected for each new pair of children,
and the process continues until the new population is filled.
The new population is then used in the next iteration of the
algorithm, with successive iterations producing smaller values
of F'. For subsequent iterations, the fitness calculation is only
needed for chromosomes derived from crossover, mutation
operations, or both. The algorithm terminates based on the
following criteria: (1) the maximum number of iterations
(Niep) 1s reached, or (2) the maximum number of consecutive
iterations without any improvement in the best fitness value
(N, is exceeded. Global optimality is not guaranteed with
either of these stopping criteria; however, the probability of
attaining the global optimum increases with an increase in the

magnitude of n, or n . values.

Computer Software

Computer software used to process data, to perform
kriging analysis, to optimize the water-level monitoring
networks, and to produce information graphics was written
in the R programming language (R Development Core Team,
2013). Functions and data sets specific to this study were
collected in an R package (a cross-platform extension of the
R base system) called “ObsNetwork”. Examples of how to
use these functions and data sets are included in the package
documentation (appendix A). In addition to the base packages
included with R, ObsNetwork depends on the following
contributed packages available on the Comprehensive R
Archive Network (CRAN):

* sp: provides classes and methods for spatial data
(Pebesma and Bivand, 2005; Bivand and others, 2008);

* rgdal: provides bindings to the Geospatial Data
Abstraction Library (GDAL) and access to the
cartographic projections library (PROJ.4) (Keitt and
others, 2012);

* raster: performs geographic analysis and modeling
with raster data (Hijmans and van Etten, 2012);

* gstat: performs spatial geostatistical modeling
(Pebesma, 2004); and

* GA: implements genetic algorithms using a flexible
general purpose set of tools (Scrucca, 2013).

ObsNetwork is in the public domain because it contains
materials that originally came from the USGS. R and other
package dependencies have more restrictive licenses. The code
and documentation, including data sets used in this report, are
available online for downloading from a software repository
at https://github.com/jfisher-usgs/ObsNetwork. As this code
is revised or updated, new versions will be made available for
downloading from this site. \ersion information about R and
required packages used in this report are shown in appendix B.

Computer Hardware

Genetic algorithms can be very demanding in terms of
computer time; therefore, a brief summary of the computer
hardware used in this study provides context for reported
computation times (that is, the elapsed time for a GA run).
The computer used for experimentation was equipped with
a single Intel™ Xeon™ central processing unit (version
X5687, four cores) at 3.6 gigahertz, and 32 gigabytes (GB)
of random-access memory (RAM) at 1,333 megahertz. Four
GB of RAM were allocated for each GA run; failures owing
to memory restrictions were never a problem. GA runs often
were made simultaneously (no more than four runs at a time)
to leverage the multi-core processor; therefore, computation
times should be viewed as approximate values.

Results and Discussion

The GA-based designs of water-level monitoring
networks in the ESRP are based on two phases of sensitivity
analysis. The first phase examines the relationships between
select control parameters and optimal solutions and identifies
control parameter values that optimize model performance.
The second phase analyzes the trade-offs associated with
changes in the number of wells to remove from the existing
monitoring network (n,). Parameter values for both phases of
the sensitivity analysis are shown in table 1.

Model Performance

A series of GA runs were conducted for some of the
control parameters (humber of sites removed, kriging grid
resolution, population size, elitism rate, crossover probability,
and mutation probability) to better understand the sensitivity
of the algorithm to incremental changes in the parameters
(table 2, figs. 11 and 12), and to find reasonable settings for
optimizing the existing monitoring networks. For example, a
solution to the multi-objective function (“best fitness value™)
was determined for seven different population sizes while
holding all other control parameters constant (“base-case
values” in table 1). The functional relationship between best
fitness value and population size provides a mechanism for
evaluating the sensitivity of the GA. The analysis, however,
ignores all interdependencies between the control parameters.
Although the assumption that there are no interdependencies
between the control parameters is not strictly valid, the
analysis is believed to provide an adequate means for
evaluating algorithm sensitivity. Four types of performance
measures are considered throughout the analysis:
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Table 1.
eastern Snake River Plain aquifer, Idaho.

Results and Discussion 29

Parameter values used for base-case conditions and the final optimizations of the water-table monitoring networks of the

[Control parameter: parameters that control the optimization of the monitoring networks. Base-case value: parameter values specified as base-case conditions
in the model performance phase of sensitivity. Final value: parameter values used in the final optimization of the monitoring networks]

Control parameter Abbreviation Unit Base-case Final
value value
Kriging analysis
Theoretical semivariogram (spherical model)
Nugget g square meter 0.0 0.0
Sill c square meter 1,948.5 1,948.5
Range meter 159,991.0 159,991.0
Spatial resolution of uniform kriging grid
Length of square block side t kilometer 2.5 125/215
Multi-objective problem formulation
Number of well sites to remove from the existing monitoring network n, unitless 40 10, 20, 40, 60, 80
Weighting coefficients on individual objective functions
Weight on the standard error function (f,) A unitless 100 100
Weight on the root-mean-square error function (f,) W, unitless 1 1
Weight on the mean standard deviation function (f;) W, unitless 1 1
Weight on the mean measurement error function (f,) w, unitless 1 1
Penalty function
Penalty coefficient C meter 1,000,000 1,000,000
Genetic algorithm
Population size Npop unitless 2,000 2,000
Genetic operations
Elitism rate r, unitless 0.05 (5 percent) 0.05 (5 percent)
Crossover probability P, unitless 0.80 (80 percent) 0.80 (80 percent)
Mutation probability P unitless 0.05 (5 percent) 0.30 (30 percent)
Maximum number of times a child chromosome can be aborted n, unitless 10 10
during crossover
Terminating conditions
Maximum number of iterations Miter unitless 100 infinity
Maximum number of consecutive iterations without any un unitless infinity 50

improvement in the best fitness value

! Specified for the Federal-State Cooperative water-level monitoring network (Co-op network).

2 Specified for the U.S. Geological Survey-Idaho National Laboratory water-level monitoring network (USGS-INL network).

1. Best fitness value (F', ideally near the minimum), in
meters.

2. Computation time (reasonable given computational
resources and ideally small), in hours.

3. The percentage of chromosomes that invoke the penalty

function (equation 35), where GA performance decreases
as the number of calls to the penalty function increases.

4.

Number of consecutive iterations without any
improvement in the best fitness value (n,,). The
magnitude of value n_, gives some indication as to
whether the global solution was found. That is, the
probability of a GA solution being globally optimal
increases as the number of consecutive iterations without
improvement increases.
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Table 2. Sensitivity of the genetic algorithm to incremental changes in the control parameters, eastern Snake River Plain, Idaho.

[Control parameter: parameters that control the optimization of the water-level monitoring network. A bolded control parameter value indicates base-case
conditions (see table 1). Number of sites removed: the number of well sites to remove from the existing monitoring network (n,). Kriging grid resolution: the
spatial resolution of the uniform kriging grid described using the length of a grid block side (¢). Population size: the number of chromosomes in a population
(n op). Elitism rate: the fraction of the population that is guaranteed to survive to the next iteration (r,). Crossover probability: the probability that crossover
will occur between two parent chromosomes (p,). Mutation probability: the probability that a mutation will occur on a child chromosome (p,,)). Best fitness
value: the smallest fitness value (F'). Computation time: the time required to run the genetic algorithm. Percent penalty: the percentage of chromosomes
that invoke the penalty function. Number of times best-fitness repeated: the number of consecutive iterations without any improvement in the best-fitness
value. Abbreviations: Co-op network, Federal-State Cooperative water-level monitoring network; USGS-INL network, U.S. Geological Survey-ldaho National
Laboratory water-level monitoring network; km, kilometer; m, meter; h, hour]

Control parameter Co-op network USGS-INL network
Best fitness Computation Nul_nber of Best fitness Computation Nur_nber of
Name Value value time Percent tln!es value time Percent tm!es
(m) (h) penalty best fitness (m) (h) penalty best fitness
repeated repeated
Number 10 1,374.315 14.8 0.0 78 1,174,581 8.8 0.1 67
of sites 20 1,378.496 16.1 0.2 30 1,174.913 9.7 0.1 39
removed 40 1,390.061 16.7 0.4 2 1,175.230 11.7 0.5 10
60 1,409.370 154 0.8 2 1,175.716 10.9 0.8 1
80 1,443.009 155 1.0 4 1,177.684 10.9 1.4 2
Kriging 15 1,382.731 38.2 0.1 4 1,145.589 24.2 15 1
grid 2.0 1,386.504 22.7 0.2 9 1,166.779 15.2 0.3 6
resolution 2.5 1,390.061 16.7 0.4 2 1,175.230 11.7 0.5 10
(km) 3.0 1,396.676 11.6 0.2 1 1,186.873 8.0 0.3 3
35 1,400.436 9.0 0.3 27 1,206.887 6.4 11 5
4.0 1,407.150 8.1 0.2 1 1,218.568 5.4 0.2 20
Population 500 1,391.565 3.9 0.1 2 1,175.293 2.8 0.1 5
size 1,000 1,390.643 7.7 0.3 5 1,175.230 5.3 1.2 1
1,500 1,390.008 10.8 0.5 18 1,175.249 7.5 0.5 1
2,000 1,390.061 16.7 0.4 2 1,175.230 11.7 0.5 10
3,000 1,389.979 22.6 0.5 10 1,175.231 15.9 0.3 2
4,000 1,389.848 30.6 0.3 1 1,175.223 20.1 2.3 13
5,000 1,389.848 37.4 0.5 11 1,175.223 25.9 1.1 17
Elitism 001  1,390.488 15.0 0.1 1 1,175.247 9.3 0.6 2
rate 0.03 1,390.243 154 0.3 4 1,175.234 10.1 1.0 3
0.05 1,390.061 16.7 0.4 2 1,175.230 11.7 0.5 10
0.10 1,389.958 15.0 1.3 2 1,175.239 10.9 0.8 1
0.15 1,390.032 15.4 0.3 5 1,175.250 11.0 0.3 3
0.20 1,390.066 15.1 0.5 5 1,175.234 10.7 2.4 4
0.30 1,390.026 14.3 0.3 4 1,175.229 9.5 0.7 5
0.40 1,389.955 13.6 0.3 2 1,175.242 8.5 11 7
0.50 1,390.293 10.3 0.4 3 1,175.252 7.1 1.1 1
Crossover 0.5 1,390.137 10.7 0.1 3 1,175.246 7.6 0.2 3
probability 06  1,390.126 12.0 0.2 7 1,175.256 8.2 1.1 1
0.7 1,390.227 14.3 0.8 29 1,175.236 9.4 1.0 1
0.8 1,390.061 16.7 0.4 2 1,175.230 11.7 0.5 10
0.9 1,390.022 18.8 0.1 6 1,175.244 11.6 0.7 1
1.0 1,390.327 20.2 0.4 33 1,175.224 135 0.2 12
Mutation 0.005 1,390.957 16.6 0.1 6 1,175.272 11.6 0.1 4
probability 0.020 1,390.747 16.5 0.2 3 1,175.259 9.1 0.2 5
0.050 1,390.061 16.7 0.4 2 1,175.230 11.7 0.5 10
0.100 1,390.041 16.7 0.4 12 1,175.225 11.8 0.5 1
0.200 1,389.848 17.0 1.0 2 1,175.228 12.0 1.3 2
0.300 1,389.870 17.6 2.3 7 1,175.223 10.4 3.9 1
0.400 1,389.848 16.5 2.1 2 1,175.224 11.6 2.2 5
0.500 1,390.026 16.9 3.0 15 1,175.224 11.2 8.1 1
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Figure 11.  Sensitivity of the best fitness value and computational time to changes in the (A) number of sites
removed, (B) kriging grid resolution, (C) population size, (D) elitism rate, (E) crossover probability, and (F)
mutation probability, Federal-State Cooperative water-level monitoring network, eastern Snake River Plain,
Idaho. A bold control parameter value indicates base-case conditions (see table 1).
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Figure 12. Sensitivity of the best fitness value and computational time to changes in the (A) number of
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The GA sensitivity analysis includes runs for the Co-op
and USGS-INL networks, and examines the four performance
measures and the tradeoff between these measures as a
function of the control parameters (table 2). The response
curves for best fitness and computation time are shown
for all GAruns in figures 11 (Co-op network runs) and 12
(USGS-INL network runs). Performance is considered best
when the best fitness value is near the minimum value and
before computation time becomes too long.

Results of the sensitivity analysis pertaining to each of
the control parameters are summarized in the six subsections
that follow:

Number of Sites Removed

The number of sites removed from an existing monitoring
network (n,) has a significant effect on the best fitness value
because of the strong dependence of mean standard error (f,)
and root-mean-square error (f,) on n,. Increasing n, results
in increased values of f, and f,, which, in turn, increases the
fitness value (weighted sum of objectives, equation 29). A
rapid worsening of best fitness value starting between 20 and
40 sites is shown in figure 11A, indicating that the removal of
less than 20 sites has a relatively small effect on the ability of
the network to represent the water table. A rapid worsening
between 60 and 80 sites is shown in figure 12A, indicating
that the removal of less than 60 sites has a relatively small
effect on the ability of the network to represent the water table.
By comparison, these observations imply that 20 sites can
be removed from the Co-op network with a relatively small
degradation of the estimated water-table map, and 60 sites
can be removed from the USGS-INL network before the
water-table map degradation increases more rapidly. This is
not unexpected given the high network density around site
facilities in the USGS-INL network (fig. 2). The possible
redundancy between water-level measurements in these data
clusters is quite large; therefore, many of these wells can be
removed with-little to-no effect on the estimated water-table
map. Kriging compensates for the effects of data clustering by
treating clusters more like single points (Isaaks and Srivastava,
1989, p. 300).

The effect on computation time from incremental
changes in n, was small (less than 2 hours). Peaking at
40 sites for both monitoring networks is shown in figures 11A
and 12A, indicating a non-linear relationship between n,
and computation time. This nonlinearity is attributed to the
computational cost of kriging; the search for an optimal
network requires many simulations of the water-table
map, making kriging the most expensive operation in the
optimization problem. Given that water levels are estimated at
the locations of removed wells (Zin equation 32), a reduction
in n, requires fewer estimates, which, in turn, decreases the
computation time for kriging. The cost of kriging also depends
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on the number of wells in the reduced monitoring network

(n in equation 4), where an increase in n, results in a smaller
network size and requires less computation time for kriging
when compared to the costs associated with kriging a larger
network. Finally, the nonlinearity in the computation time
response curves results from the interplay between these two
opposing forces (the size of the reduced monitoring network
increases as the number of wells removed from the existing
network decreases and the reverse), and any cost savings
associated with a reduced number of estimates or smaller
network size is cancelled out when n, is equal to 40. The
number of times the penalty function (equation 35) is invoked
can also affect the computation time; increasing the number
of penalty calls results in a decrease in computation time
because the penalty function does not require kriging. The
percentage of chromosomes that invoke the penalty function
was 1.0 percent or less for the Co-op network and 1.4 percent
or less for the USGS-INL network indicating that computation
time was unaffected by penalty calls (table 2).

The number of iterations needed to converge on a
solution increased as the number of removed wells increased,
as indicated by the increase in the number of consecutive
iterations without any improvement in the best-fitness when n,
was decreased (table 2). This should be expected given that the
number of possible combinations increases as n, is increased.
For example, in the Co-op network there are 3.3x10%°
possible network configurations when n, equals 10 and
5.2x10% configurations when n, equals 80.

Kriging Grid Resolution

Refining the spatial resolution of the uniform kriging
grid (measured as the length of a grid block side, £) linearly
decreased the mean standard error (f,) (and consequently the
best fitness value) (figs. 11B and 12B). Because the standard
error (o) is calculated at the nodes of the kriging grid, a
finer grid resolution describes in more detail the depressions
in the standard error surface near the observation wells
(where o, = 0 at a well site). This added detail increases the
positive skew in the standard error probability distribution,
which implies that the mean value is decreased. Linear
regression applied to the best fitness values indicates that the
USGS-INL network (slope = 28.4 m/km, R2 = 0.987) is much
more sensitive to changes in grid resolution than the Co-op
network (slope = 9.7 m/km, R2 = 0.989). This suggests that the
relatively dense resolution of the USGS-INL network supports
a finer resolution of the kriging grid. An exponential increase
in computation time for refinements in the kriging grid
resolution occurred as accuracy of the mean standard error
from refinements in grid resolution was improved (figs. 11B
and 12B). An € equal to 2.5 km for the Co-op network and
1.5 km for the USGS-INL network provides the optimal
tradeoff between best fitness value and computation times.
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Population Size

Population size is the number of chromosomes in a
population (npop). If the population size is too small, the
algorithm may explore too little of the solution space to
find a suitable solution (Marczyk, 2004). A rapid worsening
of the best fitness values starting at between 1,000 and
1,500 chromosomes is shown in figure 11C, indicating that
a suitable GA solution was not available for population
sizes of less than 1,500. A rapid decrease in best fitness
values starting at between 500 and 1,000 chromosomes,
and again between 1,500 and 2,000 chromosomes, is shown
in figure 12C, indicating that a population size of less than
2,000 is susceptible to suboptimal solutions. By comparison,
this implies that the minimum population size needed to
optimize the Co-op and USGS-INL networks is 1,500 and
2,000, respectively. Increasing the population size enlarges
the search space, which, in turn, increases the computation
time. The computation time (figs. 11C and 12C) increases
linearly at a rate of about 3.8 (R2=0.997) and 2.6 (R2 = 0.995)
hours, respectively, for every 500 chromosomes added to the
population. The fitness response to changes in population
size for both networks indicates that a population must be
composed of at least 2,000 chromosomes to find a good
solution while minimizing computation time.

Elitism Rate

Elitism is the fraction of the population that is guaranteed
to survive to the next iteration of the GA. This subset of
chromosomes preserves the best solutions from one iteration
to the next. Elitism can be an effective method for improving
the efficiency of the algorithm; however, if set too large, it
can decrease genetic diversity and potentially result in the
global solution being overlooked (that is, it converges to a
local minimum). A rapid worsening of the best fitness values
starting at between 0.05 (5 percent) and 0.10 (10 percent)
is shown in figure 11D, indicating a performance loss for
elitism rates of less than 0.10; a decrease in elitism slows
convergence. Another rapid worsening of the best fitness
values was observed between 0.4 and 0.5, indicating
premature convergence for elitism rates of greater than 0.4.

A worsening of the best fitness values at the extremes (less
than 0.05 and greater than 0.3) also is shown in figure 12D,
however, a peak in the fitness at 0.15 may indicate that
increasing elitism rates beyond 0.05 may result in a significant
loss in genetic diversity.

A decrease in the computation time for increased elitism
rate was observed in both networks for values between 0.2
and 0.5 (figs. 11D and 12D). Elitist chromosomes survive to
the next iteration along with their fitness value, and non-elitist

chromosomes calculate a fitness value only when they are
derived from crossover operations (80 percent chance),
mutation operations (5 percent chance), or both. The fitness
calculation is computationally expensive (that is, unless

the penalty function is invoked); therefore, an increase in

the fraction of the population that does not require a fitness
calculation results in a shorter computation time. For elitist
rates of greater than 0.2, this fraction is guaranteed to increase;
whereas, for elitism rates of less than 0.2, this fraction is a
function of the elitism rate, the crossover probability, and the
mutation probability. Computational cost savings associated
with a large elitism rate are relatively insignificant when
compared to the potential loss in genetic diversity; therefore,
an elitism rate of 0.05 (5 percent) is used to facilitate the
search for a globally optimal solution.

Crossover Probability

The crossover probability controls the rate at which
solutions are subjected to crossover. The larger the value of
crossover probability, the quicker potential new solutions are
introduced into the population. If crossover probability is too
large, chromosomes with good fitness values are discarded
faster than selection can exploit them. However, if crossover
probability is too small, the search may stagnate owing to
the smaller exploration rate. As expected, the best fitness
value generally improves for increased values of crossover
probability, as shown in figure 11E. The exception to this
downward trend is a rapid worsening of the best fitness value
between 0.9 (90 percent) and 1.0 (100 percent), indicating
that crossover probabilities of greater than 0.9 may be too
large. A general downward trend also is shown in figure 12E;
however, relatively large best fitness values at 0.6 and 0.9
indicate a significant amount of uncertainty associated with
this trend. For both networks, an almost-linear increase in
computation time was observed for increasing values of
crossover probability (figs. 11E and 12E). Increasing the
crossover probability increases the fraction of the population
requiring fitness calculations, which, in turn, increases the
computation time. A comparison of the tradeoff between best
fitness values and computation times indicates that, for both
networks, selection of a 0.8 (80 percent) crossover probability
will give relatively accurate estimates of the optimal
monitoring network.

Mutation Probability

Mutation is used to introduce genetic diversity between
iterations and to prevent convergence on a local minimum
(sub-optimal solution). If mutation probability is too large,



the GA will have difficulty converging on a suitable solution
and the search becomes random. However, if the mutation
probability is too small, the algorithm’s ability to explore

the solution space will be greatly diminished. That is, the
population of chromosomes becomes so similar that evolution
slows or even stops. A worsening of the best fitness value
between 0.005 (0.5 percent) and 0.2 (20 percent) is shown

in figure 11F, indicating that mutation probabilities of less
than 0.2 are too small. The fitness again worsens between
0.4 and 0.5, indicating that mutation probabilities of greater
than 0.4 are too large. The worst best fitness values are
shown in figure 12F between 0.3 and 0.005, indicating that
mutation probabilities of less than 0.3 are too small. Changes
in computation time are negligible for both networks (less
than 1.1 hours for the Co-op network and less than 3.0 hours
in the USGS-INL network; figs. 11F and 12F). This is not
unexpected given that the fraction of the population requiring
fitness calculations is determined primarily by the elitism
rate (20 percent) and crossover probability (80 percent). A
mutation probability value of 0.3 (30 percent) provides an
excellent starting value for further analyses.

Numerical results indicate similar responses between
networks; however, best fitness values and computation
times are much larger for GA runs conducted with the Co-op
network. For example, GA solutions determined using
base-case conditions indicate a fitness and computation time
for the Co-op network that are, respectively, 214.8 m larger
and 5.0 hours longer than for the USGS-INL network. The
increased magnitude of best fitness values is attributed to a
network resolution that is relatively low for the Co-op network
when compared to the USGS-INL network, where lower
network resolutions typically increase values of mean standard
error (f,) and root-mean-square error (f,), which, in turn
increase the fitness value. The longer computation times are
owing to the relatively large number of nodes in the kriging
grid of the Co-op network (n, = 4,690) when compared to
the USGS-INL network (n, = 774). Mean standard error
(equation 31) requires estimates of standard error (o) at
each node in the kriging grid; therefore, as the total number of
standard error estimates is increased, so too is the problem size
(together with the computation time) increased.

The set of control parameter values identified as
optimizing model performance and used in the final
optimizations of the existing water-level monitoring networks
is given in table 1. The most significant changes from
base-case conditions are (1) a reduction in the kriging grid
resolution for the USGS-INL network from 2.5 to 1.5 m,

(2) an increase in mutation probability from 0.05 to 0.30, and
(3) the implementation of a new stopping criterion. For the
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final optimizations, the GA terminates only after exceeding
50 consecutive iterations without any improvement in the
best fitness value, thereby facilitating the search for a globally
optimal solution.

Weighting Coefficients

For multi-objective problems, identifying a single
solution that simultaneously minimizes each individual
objective function (equations 31-34) is almost impossible.
That is, any single individual objective value often can be
improved only by degrading at least one of the other objective
values. Combining the individual objective functions in a
single weighted-objective function is subjective, requiring
that a decision maker provide the weights. The weighted
multi-objective function also is ill-suited for determining
tradeoffs among individual objective functions; therefore, the
algorithm’s sensitivity to changes in weights is not examined.
Because the objective functions are simply weighted and
added to produce a single fitness value, the function with the
largest range dominates GA evolution. A poor value for the
objective function with the larger range degrades the overall
fitness much more than a poor value for the function with the
smaller range (Bentley and Wakefield, 1997).

For this study, an emphasis was placed on the estimation
uncertainty design criterion (f,) by setting w, equal to 100, and
w,, Wy, and w, equal to 1. This assumes that network coverage
is more important than the other design criteria: preserving
localized features in the water table (f,), maintaining temporal
variations in water-level measurements (f,), and reducing
measurement error (f,). The range of weighted-objective
values in solution space indicates the relative influence of
each design criterion in determining the optimal solution. For
a given GA run and design criterion, a weighted-objective
value is calculated for every evaluation of the weighted
sum objective function (F in equation 29); the range of this
value is defined as the difference between the largest and
smallest of its individual component values. The range of each
weighted-objective function is given in table 3 for GA runs
based on both networks and changing the number of wells
to remove from the original network (n,). As indicated by
their ranges, the relative influence of each design criterion on
the solution is given in decreasing order of importance as f;,
f,, f5, and f,. As intended, design criteria f, and f, have little
control over GA evolution and only after f, and f, have been
minimized to their fullest possible extent. The criteria f, and f,
were assumed much less important than f, and f,.
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Table 3. Range of weighted-objective values in solution space (the collection of all possible solutions to the optimization problem)
for changes in the number of sites to remove, eastern Snake River Plain, Idaho.

[Number of sites removed: well sites to remove from the existing monitoring network (n,). Weighted objective function: the individual objective function
multiplied by its weighting coefficient. Minimum, Maximum, and Range: the minimum, maximum, and range of all calculated weighted objective values
during the genetic algorithm search, respectively. Entry in bold indicates the weighted objective function with the largest range. Control parameter values:
a kriging grid resolution of 2.5 kilometers for the Co-op network and 1.5 kilometers for the USGS-INL network, population size of 2,000, elitism rate of
0.05, crossover probability of 0.80, mutation probability of 0.30, and terminates after 50 consecutive iterations without any improvement in the best fitness
value. Abbreviations: Co-op network, Federal-State Cooperative water-level monitoring network; USGS-INL network, U.S. Geological Survey-Idaho
National Laboratory water-level monitoring network; m, meter; w, weighting coefficient; f, individual objective function]

Number Weighted Co-op network USGS-INL network
of sites obiecfive Minimum Maximum Range Minimum Maximum Range
removed function (m) (m) (m) (m) (m) (m)
10 w, f; 1,371.00 1,500.18 129.14 1,143.79 1,252.90 109.11
w, f, 0.70 105.48 104.73 0.06 4.42 4.36
w, f, 0.70 4.56 3.90 0.64 2.55 1.90
w, f, 0.60 0.71 0.11 0.02 0.06 0.05
20 w, f; 1,374.13 1,528.82 154.69 1,143.80 1,307.87 164.07
w, f, 1.17 93.17 92.00 0.10 3.34 3.24
w, f, 0.97 3.77 2.80 1.06 2.12 1.06
w, f, 0.56 0.76 0.19 0.01 0.07 0.06
40 w, f; 1,383.15 1,620.94 237.79 1,143.86 1,484.57 340.71
w, f, 3.15 74.11 70.96 0.14 2.67 2.53
w, f, 112 3.08 1.95 1.29 1.96 0.67
w, f, 0.51 0.83 0.32 0.01 0.08 0.07
60 w, f; 1,400.00 1,788.06 388.06 1,144.22 1,606.08 461.85
w, f, 5.43 67.97 62.54 0.20 3.03 2.83
w, f, 1.40 2.63 1.23 1.38 1.89 0.51
w, f, 0.48 0.89 0.42 0.01 0.09 0.08
80 w, f; 1,429.98 2,046.18 616.21 1,146.25 1,653.73 507.48
w, f, 6.11 77.89 71.78 0.28 2.61 2.33
w, fg 1.50 2.63 1.13 1.40 181 0.41
w, f, 0.43 0.95 0.53 0.01 0.11 0.10

Optimized Monitoring Networks

Each water-level monitoring network was optimized five
times: removing 10, 20, 40, 60, and 80 observation wells from
the original network (see “Final values” in table 1 for control
parameter values). Wells identified for removal are shown in
table 6 (at back of report). Here, “Times identified” indicates
the number of times the observation well was identified for
removal in the five GA runs for each network. For example,

6 of the 10 wells selected for removal from the Co-op network
were identified in all five GA runs (wells 8, 80, 120, 124, 140,
and 164), and 4 of the 10 wells were identified in four of the
GA runs (wells 34, 84, 91, and 146). By comparison, 8 of the

10 wells selected for removal from the USGS-INL network
were identified in all five GA runs (wells 184, 187, 188, 189,
213,245,314, and 321), 1 of the 10 wells was identified in
four of the GA runs (well 206, in all but the GA run removing
80 wells), and 1 of the 10 wells was identified only once
(well 251). Each GA run provides a unique solution that is
entirely dependent on the number of wells to remove from
the original network. That is, the solutions are non-sequential;
wells identified for removal in the GA run removing 10 wells
are not required to be part of the solution for the GA run
removing 20 wells. The relatively large values of times
identified, however, indicate that a consistent group of wells
provides little-to-no beneficial added information.
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A summary of the GA runs is shown in table 4.
Performance measures for each GA run include: best

100- maximum[

2yig (53) = 2(5,1)| |

. o PLE = (37)
fitness value, number of iterations, computation time, root- maximum [2orig (Sn,i )J —minimum [20“9 (Sn,i )J
mean-square deviation (RMSD), and the percent local )
error (PLE). The RMSD (ideally small) is a measure of the fori=1....n,.
difference between kriged water-table maps estimated from . .
measurements in the original and optimized networks, and ~ Acomparison with the Co-op network GA runs
expressed as: implemented using base-case control parameter values
indicates large gains in model performance using the final
zpn [2 (s.)—2(s -)T values optimized for model performance (table 1). Subtracting
RMSD = izl ofgr M (36)  Dbest fitness values calculated using the optimized (final)
n, control parameters (table 4) from values calculated using
where base-case control parameters (table 2) gives the change in
n, is the number of nodes in the kriging grid; best fitness. Best fitness values decreased by 0.016, 0.191,
s,i is the spatial coordinate of node i in the 0.407, and 2.644 m for GA runs removing 20, 40, 60, and
kriging grid; 80 wells, respectively. No change was observed for GA runs
Z,i,  Isthe estimate of the water-level elevation removing 10 wells, indicating this run has a relatively rapid
based on the original network, in meters; rate of convergence on the optimal solution. The solution
and space for a GA run is proportional to the number of wells
Z  isthe estimate of the water-level elevation removed; therefore, as n, increases, so, too, do the number of
based on the reduced network, in meters. iterations needed to converge on an optimal solution increase
(together with computation time). This was the case for all
The PLE (ideally small) is the maximum error introduced runs except the Co-op network GA run removing 60 wells
by removing n, wells, divided by the relief across the (table 4). Random sampling in the GA may explain this
kriged water-table map based on the original network, and data abnormality.

expressed as:

Table 4. Genetic algorithm searches summarized for optimized water-level monitoring networks, eastern Snake River Plain, Idaho.

[Number of sites removed: well sites removed from an existing monitoring network (n,). Best fitness value: the smallest fitness value (#'). Number of
iterations: the number of completed genetic algorighm (GA) iterations. Computation time: the time required to run the GA. RMSD: root-mean-square
deviation, a measure of the difference between kriged water-table surfaces estimated using the optimized reduced network and the existing network. Percent
local error: between water-table maps estimated using the existing and optimized reduced networks. Control parameter values: a kriging grid resolution of
2.5 kilometers for the Co-op network and 1.5 kilometers for the USGS-INL network, population size of 2,000, elitism rate of 0.05, crossover probability of
0.80, mutation probability of 0.30, and terminates after 50 consecutive iterations without any improvement in the best fitness. Abbreviations: Co-op network,
Federal-State Cooperative water-level monitoring network; USGS-INL network, U.S. Geological Survey-ldaho National Laboratory water-level monitoring
network; m, meter; h, hour]

Numb Co-op network USGS-INL network

umber

of sites  Bestfitness Number of Com|_)utat|on RMSD Percent  Bestfitness Number of ComPutatlon RMSD Percent

removed value I time local value A time local

iterations (m) iterations (m)
(m) (h) error (m) (h) error

10 1,374.315 86 11.8 0.061 0.24 1,144.979 81 16.0 0.002 0.23
20 1,378.480 108 17.6 0.143 0.39 1,145.279 131 37.6 0.005 0.30
40 1,389.870 181 28.6 0.598 1.10 1,145.586 187 55.1 0.006 0.30
60 1,408.964 245 39.5 1.276 2.92 1,146.171 203 53.1 0.019 1.02

80 1,440.365 197 30.8 1.736 2.94 1,148.343 246 64.8 0.051 151
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The response curves for best-fitness, RMSD, and PLE
are shown for all GA runs in figure 13. A rapid worsening of
best fitness value, RMSD, and PLE, respectively, starting at
between 20 and 40 sites, is shown in figures 13A-C, indicating
that the removal of less than 20 wells has a relatively small
effect on the ability of the network to represent the water
table. A rapid worsening of best fitness value, RMSD, and
PLE, respectively, starting at between 40 and 60 sites, is
shown in figures 13D-F, indicating that the removal of less
than 40 wells has a relatively small effect on the ability of
the network to represent the water table. By comparison,
this implies that 20 wells can be removed from the Co-op
network with a relatively small degradation of the estimated
water-table map, and 40 wells can be removed from the
USGS-INL network before the water-table map degradation
increases rapidly.

The spatial distribution of the difference between the
two estimated surfaces (that is, the water table estimated from
data in the original network minus the water table estimated
from data in the reduced network) is shown for 10, 20, 40, 60,
and 80 wells removed from the Co-op network (fig. 14) and
the USGS-INL network (fig. 15). Relatively small differences
with a spatial extent limited to near the removed well sites
are shown in figures 14A and 14B. This is not unexpected
given that the analysis of break-points indicates 20 wells
can be removed from the Co-op network with relatively
small degradation of the estimated water-table map. Wells
primarily were removed from areas of high network density
located in the northeast and south-central parts of the ESRP.

A high network density indicates that the redundancy between
water-level measurements in these areas can be quite large;
therefore, many of the wells in these areas can be removed
with little-to no-effect on the estimated water-table map.
Progressively larger differences with increasing spatial extent
are shown in figures 14C-E. The areas excluded from well
removal coincide with areas of rapid change in the water-table
elevation and areas of the monitoring network that are sparsely
populated with wells. For example, only a small number of
wells were removed from areas of steeper hydraulic gradients
along the margin of the ESRP and near Mud Lake (figs. 2 and
14E). Wells were never removed from the sparsely populated
area in the west-central part of the ESRP; removing wells

in these areas would significantly degrade the estimated
water-table map.

For 10, 20 and 40 wells removed from the USGS-INL
network, the magnitude and spatial extent of differences is
negligible (figs. 15A—C) when compared to the distribution
of corresponding Co-op network differences (figs. 14A-C).
This is not unexpected given that the analysis of break-points
indicates 40 wells can be removed from the USGS-INL
network with relatively small degradation of the estimated
water-table map. Wells were removed exclusively from
areas of high network density near site facilities in the INL
(fig. 2). Progressively larger differences with increasing
spatial extent are shown in figures 15D and 15E. Removed
wells were exclusively from areas of high network density
near site facilities, indicating widespread data redundancy in
this network.
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Figure 13. Sensitivity of the best fitness value, root-mean-square deviation, and percent local error to changes in the
number of sites removed from the existing (A—C) Federal-State Cooperative and (D—F) U.S. Geological Survey-ldaho
National Laboratory water-level monitoring networks, eastern Snake River Plain, Idaho.
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Cooperative water-level monitoring network, after removing (A) 10, (B) 20, (C) 40, (D) 60, and (E) 80 optimally
selected wells, eastern Snake River Plain, Idaho.
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C. 40 wells removed
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E. 80 wells removed
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D. 60 wells removed
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Summary and Conclusions

Budgetary constraints and the high cost of long-term
groundwater level monitoring in the eastern Snake River
Plain (ESRP) aquifer have necessitated a reduction in the
number of observation wells in the existing networks. As
of 2008, long-term groundwater water-level monitoring
networks in the ESRP included a Federal-State Cooperative
water-level monitoring network (Co-op network) with
166 observation wells, and a U.S. Geological Survey-

Idaho National Laboratory water-level monitoring network
(USGS-INL network) with 171 wells. The spatial distribution
of observation wells in the Co-op network covers most of

the ESRP, and USGS-INL network coverage is limited to

the 1daho National Laboratory and vicinity. The planning
objective for both networks is to reduce monitoring costs by
removing observation wells that add little or no information
characterizing the water table. To accomplish this objective,
a reduced monitoring network was selected that satisfies the
following design criteria: (1) interpolation error is minimized,
(2) local anomalies in the water-table distribution are
preserved, (3) variability of water-level measurements across
time is preserved, and (4) measurement error is kept as small
as possible. The total number of wells to remove from the
existing network is left as a management decision.

The water-level monitoring networks were optimized
using a genetic algorithm (GA) with universal kriging and
statistical analysis. A series of GA runs were conducted
for some of the control parameters to better understand
the sensitivity of the algorithm to incremental changes in
the parameters, and to determine reasonable settings for
optimizing the existing monitoring networks. The network
design tool is most sensitive to the number of wells removed
from the original network and the spatial resolution of the
kriging grid. As a compromise between solution accuracy
and computational effort, existing water-level monitoring
networks were optimized using the following control
parameter settings: a kriging grid resolution of 2.5 kilometers
for the Co-op network and 1.5 kilometers for the USGS-
INL network, population size of 2,000, elitism rate of 0.05
(5 percent), crossover probability of 0.80 (80 percent),
mutation probability of 0.30 (30 percent), and terminates
after 50 consecutive iterations without any improvement in
the best fitness. Each water-level monitoring network was
optimized five times: by removing (1) 10, (2) 20, (3) 40,

(4) 60, and (5) 80 observation wells from the original network.

An examination of the trade-offs associated with changes in
the number of wells to remove indicates that 20 wells (12
percent of the total number of wells in the original network)
can be removed from the Co-op network with a relatively
small degradation of the estimated water-table map, and

40 wells (23 percent) can be removed from the USGS-INL
network before the water-table map degradation accelerates.

The optimal network designs indicate the robustness of the
network design tool. Observation wells were removed from
high well-density areas of the network while retaining the
spatial pattern of the existing water-table map.

Acknowledgments

The author would like to thank R.J. Weakland of the
USGS for her assistance during the early stages of this study.

References Cited

Ackerman, D.J., Rattray, G.W., Rousseau, J.P., Davis, L.C.,
and Orr, B.R., 2006, A conceptual model of ground-water
flow in the eastern Snake River Plain aquifer at the Idaho
National Laboratory and vicinity with implications for
contaminant transport: U.S. Geological Survey Scientific
Investigations Report 2006-5122 (DOE/ID-22198), 62 p.
(Also available at http://pubs.usgs.gov/sir/2006/5122/.)

Anderson, S.R., and Liszewski, M.J., 1997, Stratigraphy of
the unsaturated zone and the Snake River Plain aquifer at
and near the Idaho National Engineering Laboratory, Idaho:
U.S. Geological Survey Water-Resources Investigations
Report 97-4183 (DOE/ID-22142), 65 p. (Also available at
http://pubs.usgs.gov/wri/1997/4183/.)

Asefa, Tirusew, Kemblowski, M.W., Urroz, Gilberto, McKee,
Mac, and Khalil, Abedalrazq, 2004, Support vectors-based
groundwater head observation networks design: Water
Resources Research, v. 40, W11509, 14 p.

Aziz, J.J., Ling, M., Rifai, H.S., Newell, C.J., and Gonzales,
J.R., 2003, MAROS—A decision support system for

optimizing monitoring plans: Ground Water, v. 41, no. 3,
p. 355-367.

Bentley, P.J., and Wakefield, J.P., 1997, Finding acceptable
solutions in the Pareto-optimal range using multiobjective
genetic algorithms, in Chawdhry, P.K., and others, eds., part
5, Soft computing in engineering design and manufacturing:
London, Springer-Verlag London Ltd., p. 231-240.

Bivand, R.S., Pebesma, E.J., and Gomez-Rubio, Virgilio,
2008, Applied spatial data analysis with R: New York,
Springer, 374 p.

Bossong, C.R., Karlinger, M.R., Troutman, B.M., and Vecchia,
A.V,, 1999, Overview and technical and practical aspects for
use of geostatistics in hazardous-, toxic-, and radioactive-
waste-site investigations: U.S. Geological Survey Water-
Resources Investigations Report 98-4145, 70 p. (Also
available at http://pubs.usgs.gov/wri/1998/4145/.)



http://pubs.usgs.gov/sir/2006/5122/
http://pubs.usgs.gov/wri/1997/4183/
http://pubs.usgs.gov/wri/1998/4145/

Cameron, Kirk, and Hunter, Philip, 2002, Using spatial models
and kriging techniques to optimize long-term ground-water
monitoring networks—A case study: Environmetrics, v. 13,
p. 629-656.

David, Michel, 1976, The practice of kriging, in Guarascio,
M., and others, eds., Advanced geostatistics in the mining
industry: Boston, D. Reidell, p. 31-48.

Delfiner, Pierre, 1976, Linear estimation of nonstationary
spatial phenomena, in Guarascio, M., and others, eds.,
Advanced geostatistics in the mining industry: Boston,
D. Reidell, p. 49-68.

Dhar, Anirban, and Datta, Bithin, 2010, Logic-based design of
groundwater monitoring network for redundancy reduction:
Journal of Water Resources Planning and Management,

v. 136, p. 88-94.

Fisher, J.C., and Twining, B.V., 2011, Multilevel groundwater
monitoring of hydraulic head and temperature in the eastern
Snake River Plain aquifer, Idaho National Laboratory,
Idaho, 2007-08: U.S. Geological Survey Scientific
Investigations Report 2010-5253, 62 p. (Also available at
http://pubs.usgs.gov/sir/2010/5253/.)

Gangopadhyay, Subhrendu, Gupta, A.D., and Nachabe, M.H.,
2001, Evaluation of ground water monitoring network by
principal component analysis: Ground Water, v. 39, no. 2,
p. 181-191.

Garabedian, S.P., 1992, Hydrology and digital simulation
of the regional aquifer system, eastern Snake River Plain,
Idaho: U.S. Geological Survey Professional Paper 1408-
F, 102 p., 10 pls. (Also available at http://pubs.usgs.gov/

pp/1408f/.)

Gardner, Martin, 1986, Knotted doughnuts and other
mathematical entertainments—Chap. 2, The binary gray
code: New York, W. H. Freeman, p. 11-27.

Grabow, G.L., Mote, C.R., Sanders, W.L., Smoot, J.L., and
Yoder, D.C., 1993, Groundwater monitoring network
design using minimum well density: Water Science and
Technology, v. 28, no. 3-5, p. 327-335.

Haitjema, H.M., and Mitchell-Bruker, Sherry, 2005, Are water
tables a subdued replica of the topography?: Ground Water,
v. 43, no. 6, p. 781-786.

Herrera, G.S., and Pinder, G.F., 2005, Space-time optimization
of groundwater quality sampling networks: Water Resources
Research, v. 41, no. 12, 15 p.

Hijmans, R.J., and van Etten, Jacob, 2012, Geographic
analysis and modeling with raster data—R package
version 2.1-25: The Comprehensive R Archive Network
Web site, accessed April 30, 2013, at http://CRAN.R-
project.org/package=raster.

References Cited 51

Holland, J.H., 1975, Adaptation in natural and artificial
systems: Ann Arbor, Mich., University of Michigan Press,
183 p.

Isaaks, E.H., and Srivastava, R.M., 1989, An introduction to
applied geostatistics: New York, Oxford University Press,
561 p.

Keitt, T.H., Bivand, Roger, Pebesma, Edzer, and
Rowlingson, Barry, 2012, rgdal—Bindings for the
geospatial data abstraction library—R package version
0.8-8: The Comprehensive R Archive Network Web site,
accessed April 30, 2013, at http://CRAN.R-project.org/

package=rgdal.

Khan, Shahbaz, Chen, H.F.,, and Rana, Tarig, 2008, Optimizing
ground water observation networks in irrigation areas using
principal component analysis: Ground Water Monitoring
and Remediation, v. 28, no. 3, p. 93-100.

Kitanidis, P.K., 1997, Introduction to geostatistics—
Applications to hydrogeology: New York, Cambridge
University Press, 249 p.

Koza, J.R., 1992, Genetic programming—WVol. 1, on the
programming of computers by means of natural selection
(complex adaptive systems): London, A Bradford Book,
819 p.

Li, Yuanhai, and Hilton, A.B.C, 2007, Optimal groundwater
monitoring design using an ant colony optimization
paradigm: Environmental Modeling and Software, v. 22,
p. 110-116.

Lin, Yu-Pin, and Rouhani, Shaharokh, 2001, Multiple-point
variance analysis for optimal adjustment of a monitoring
network: Environmental Monitoring and Assessment, v. 69,

p. 239-266.

Lindholm, G.F., Garabedian, S.P., Newton, G.D., and
Whitehead, R.L., 1988, Configuration of the water table and
depth to water, spring 1980, water-level fluctuations, and
water movement in the Snake River Plain regional aquifer
system, Idaho and eastern Oregon: U.S. Geological Survey
Hydrologic Atlas HA-703, scale 1:500,000.

Loaiciga, H.A., Charbeneau, R.J., Everett, L.G., Fogg, G.E.,
Hobbs, B.F., and Rouhani, Shahrokh, 1992, Review of
ground-water quality monitoring network design: Journal of
Hydraulic Engineering, v. 188, no. 1, p. 11-37.

Marczyk, Adam, 2004, Genetic algorithms and evolutionary
computation: The TalkOrigins Archive Web site, accessed
April 1, 2013, at http://www.talkorigins.org/fags/genalg/
genalg.html.

Mundorff, M.J., Crosthwaite, E.G., and Kilburn, Chabot,
1964, Ground water for irrigation in the Snake River Basin
in Idaho: U.S. Geological Survey Water-Supply Paper 1654,
224 p.


http://pubs.usgs.gov/sir/2010/5253/
http://pubs.usgs.gov/pp/1408f/
http://pubs.usgs.gov/pp/1408f/
http://CRAN.R-project.org/package=raster
http://CRAN.R-project.org/package=raster
http://CRAN.R-project.org/package=rgdal
http://CRAN.R-project.org/package=rgdal
http://www.talkorigins.org/faqs/genalg/genalg.html
http://www.talkorigins.org/faqs/genalg/genalg.html

52 Water-Level Monitoring Networks, Eastern Snake River Plain Aquifer Using a Kriging-Based Genetic Algorithm Method

Nunes, L.M., Cunha, M.C., and Ribeiro, L., 2004a,
Groundwater monitoring network optimization with
redundancy reduction: Journal of Water Resources Planning
and Management, v. 130, p. 33-43.

Nunes, L.M., Paralta, E., Cunha, M.C., and Ribeiro,
Luis, 2004b, Groundwater nitrate monitoring network
optimization with missing data: Water Resources Research,
v. 40, W02406, 18 p.

Passarella, Giuseppe, Vurro, Michele, Agostino, V.D.,
and Barcelona, M.J., 2003, Cokriging optimization of
monitoring network configuration based on fuzzy and non-
fuzzy variogram evaluation: Environmental Monitoring and
Assessment, v. 82, p. 1-21.

Pebesma, E.J., 2004, Multivariable geostatistics in S—
The gstat package: Computers and Geosciences, v. 30,
p. 683-691.

Pebesma, E.J., and Bivand, R.S., 2005, Classes and methods
for spatial data in R: R News, v. 5, no. 2, p. 9—13, accessed
April 1, 2013, at http:/cran.r-project.org/doc/Rnews/.

Philip, R.D., and Kitanidis, P.K., 1989, Geostatistical
estimation of hydraulic head gradients: Ground Water, v. 27,
no. 6, p. 855-865.

Pierce, K.L., and Morgan, L.A., 1992, The track of the
Yellowstone hotspot: Volcanism, uplift and faulting, in Link,
P.K., Kuntz, M.A., and Platt, L.B., eds., Regional geology
of Eastern Idaho and Western Wyoming: Geological Society
of America Memoir 179, p. 1-53.

R Development Core Team, 2013, R—A language and
environment for statistical computing: R Foundation for
Statistical Computing, Vienna, Austria, accessed April 1,
2013, at http://www.R-project.org.

Reed, Patrick, Minsker, Barbara, and Valocchi, A.J., 2000,
Cost-effective long-term groundwater monitoring design
using a genetic algorithm and global mass interpolation:
Water Resources Research, v. 36, no. 12, p. 3731-3741.

Rodgers, D.W., Ore, H.T., Bobo, R.T., McQuarrie, Nadine,
and Zentner, Nick, 2002, Extension and subsidence of
the eastern Snake River Plain, Idaho, in Bonnichsen, Bill,
White, C.M., and McCurry, Michael, eds., Tectonic and
magmatic evolution of the Snake River Plain volcanic
province: Idaho Geological Survey Bulletin 30, p. 121-155.

Scrucca, Luca, 2013, GA—A package for genetic algorithms
in R: Journal of Statistical Software, v. 53, no. 4, 37 p.

Snyder, D.T., 2008, Estimated depth to ground water and
configuration of the water table in the Portland, Oregon
area: U.S. Geological Survey Scientific Investigations
Report 2008-5059, 40 p. (Also available at http://pubs.usgs.
gov/sir/2008/5059/.)

Stearns, H.T., Crandall, Lynn, and Steward, W.G., 1938,
Geology and ground-water resources of the Snake River

Plain in southeastern Idaho: U.S. Geological Survey Water-
Supply Paper 774, 268 p.

Theodossiou, Nicolaos, and Latinopoulos, Pericles, 2006,
Evaluation and optimisation of groundwater observation
networks using the Kriging methodology: Environmental
Modeling and Software, v. 21, no. 7, p. 991-1000.

Whitehead, R.L., 1992, Geohydrologic framework of the
Snake River Plain regional aquifer system, Idaho and
eastern Oregon: U.S. Geological Survey Professional Paper
1408-B, 32 p., 6 pls. (Also available at http://pubs.usgs.gov/

pp/1408b/.)

Yeh, M.-S., Lin, Y.-P, and Chang, L.-C., 2006, Designing an
optimal multivariate geostatistical groundwater quality
monitoring network using factorial kriging and genetic
algorithms: Environmental Geology, v. 50, p. 101-121.



http://cran.r-project.org/doc/Rnews/
http://www.R-project.org
http://pubs.usgs.gov/sir/2008/5059/
http://pubs.usgs.gov/sir/2008/5059/
http://pubs.usgs.gov/pp/1408b/
http://pubs.usgs.gov/pp/1408b/

53

Table 5

98'G- 16°¢C €00 €000 68'€52Z'T 9 220'T 0€0°0 GE'98Z'T uVS8CCh  WTHETLEIT do-00 TOBEEZETTSS8ECY TE TAAAOT 39¢ S60
v1'¢ 770 T00 €000 02'182'T ¢ qT¢ €000 G2'982'T  49€.8€oTh PP EILETT do-0D TOSYEISTITLESEZY OF TAwvd8T 38¢ S60
¢S'¢ IT'€ €q'T €000 99'86T'T 4 ¢LT ¢S'T TV'182'T  .91.8€cTF 4SO.€S0ETT do-0D TOZOSSETTLISECY 62 19AO9T 3¢¢ S60
GE9Y 86°L S0'€ €000 05°290°T 14 9T¢ 870°¢ V6'TL0'T  4E1.8EoTH  WTLStobIl do-0D TO60SYYITYISEZY 82 TAAAceT 3T S60
109 1S8°¢ 1.0 €000 1T€ST'T T VeV 29,0 T.°/92'T 401.8€oCF  LSTPEETT do-0D TOZTIVEETITISELY L2 TvddsT 35¢ S60
88'¢- 09'T 100 €000 8/°082'T € 8¢T €000 8T7'962'T uL0.8CoCh  48E.900€11 do-00 TO9E90ETT808ELY 92 Tvdo8T 36¢ S60
Vev- 160 1.0 €000 TG'€S2'T 4 6 29.°0 0S'G0E'T  410.8€olh u9TTTLETT do-0D T0/222€TT208ECY G2 ¢O02€ET 392 S60
508 06'T €q'T €000 S'€T0'T 9 8T¢ ¢S'T T6°L0T'T  W9V.LEoTh  uTEOTPIL do-0D TOTE6ZVITLVLECY 72 TvVvO0¢ 3.7 S60
A% 09'¢ T00 €000 88°'€GZ'T T 8y €000 YSTOE'T  WISLETH  410.0€0€11 do-0D T08S6ZETTZELECY €2 Tvddee 392 S60
6G'TT 0S80 €q'T €000 G6°9/0'T 9 ¥0¢ 2S'T 68 T80T WITLEoTY uPSHEPII do-0D TOTSYEVTTIZELECY 22 TAOATZ 39T S60
¢6'T ev'e 100 €000 60'202'T 4 11¢ €000 08'8/2'T  4€0.9€oTh uLTTSSEIL do-00 TOYZZGETTYO9ECY T2 Tvavee 3¢¢ S60
9/,'9T ¢e'T €q'T €000 ZEESVT'T 14 0¢¢e 29T 70'€ST'T W90.VECY  WLOLESYTT do-0D TOSOLEVTITIOVEZY 02 TOvd/l0 39T SOT
oTvT 1Y €917 €000 ZLSET'T 14 9¢¢ 28T 8%'GGT'T WVS.CETr  160.9CF11 do-0D T09092VTISSCEYy 6T TAD2OPT 32T SOT
YA7A VT 0¢'T €q'T €000 6ETVT'T 4 9/¢ 29T EV'GBT'T  490.2€oCF  u9S.1ToPI1 do-0D TOESTZYITL0ZECY 8T 1AAAoc 38T SOT
6T9- /8¢ TO0 €000 TE€98T'T 6 801 €000 €1'G92'T  4S0.T€oTh  W9TPSOETIT do-0D TOSZYSETTI0ZEZY LT 10AdD0¢ 32¢ SOT
68V 8y'¢ 1.0 €000 ZET8T'T 0T vlc 29,0 29'892°T  48S.1€oTF  u90.LSoETT do-0D Z0E0LGETTASTECY 9T ¢VYVY9¢ 3T¢ SOT
T.°0T- €g9'¢e T00 €000 TL'SOT'T 0T 60F €000 60'892'T ¥ 1€oTh 4EC00PTT do-0D TOOSOOVTITSYIEZY ST 190d8¢ ATZ SOT
LTTT- 0L'€ 100 €000 G6'GOT'T 4 €0¢ €000 89'G/2'T JVETCTY  uT€90oVT1 do-0D TO9Z90VITYEIEZY T 1004d/¢ 302 SOT
0L'TS 160 €q'T €000 €0'S6T'T 14 1494 729’1 v'€9z'T uL1.0€0CY  40T0VoP Il do-0D TOLTOVYTITSTOSZY €T 19949¢0 38T STT
80'6¢- ¢L'6 S0'€ €000 Y0'€€2'T 4 8¢ 8v0'¢ €6'62E'T  460.8ToTF WETLESETI do-0D T00ZLESTTOT8ZZY 2T 19AgyT Ire STT
6S9V. €T €q'T €000 9¢'6.2'T 9 08T ¢S'T 62°062'T u8E.LTolh uEVEVLEIL do-0D TOOVEVETT6ELZCY TT 1AAayt 3€¢ ST1
€6'S 29T T00 €000 76'9€2'T 9 9/9 €000 96',92'T  4,0T.9%.¢F 48091711 do-0D TOS09TYTITITZ9ZZy OT 1AAvOg 36T STT
60'7¢ T 100 €000 . v€2'T 14 €48 €000 88'292'T  u6S.STolh  uWTIYTPIT do-0D T060YZYTT00922Y 6 ¢ddasc LT STT
GL°0 9¢'0 1.0 €000 99°'8¢Z'T 4 8 29,0 G'€92'T uSS.ISTolh  WlTLIVIT do-00 TOTZLIVITSSSZZY 8 10AAse 38T STT
60°0T- T€0T T00 €000 09'T22'T 4 769 €000 18V62'T  461.SToTh  ,0E.90.11 do-0D T0LZ90VTTI8TSCZY L Tavdaee 30¢ STT
G8°0- ¢g's €00 €000 8G°'€8T'T 9 (00)7 0€0°0 6SVIET  400.STolh  uTH.PSoEIL do-0D TO6EPSETTTOSZZY 9 T1000¢¢E 3¢¢ STT
0T 0S&- ¥S8°S €00 €000 0S'06T'T 9 9T¢ 0€0°0 €8'C0E'T  uLSHTolh uOE.SHoEIL do-0D T0/ZSYETT8SYZCY S 10AO¥E 3¢ STT
T6°€E- G.'8 €00 €000 0Z'¥8T'T 9 0£8'T 0€0°0 0£°0€E'T WVEYTolh  uP0.LSETT do-0D TOZOLSETTYEVZCY ¥ Tvwvdadco 31¢ S¢T
199 cee 9T'0 €000 LT0Ve'T 0T 108 ¢ST0 LTI T u€CY Tt u€0.L0YIT do-0D TO00LOVITYZYZZY € 1049Av0 30¢ ST
16°06 /8¢ €00 €000 TT'E62'T 9 f44 0€0°0 TV'SEE'T  .9TTTolh  4T0.000111 do-0D T06G6SETTLTCICY T 100d9T 3TC ST
LT €e- ¢6°L €q'T €000 60°/8T'T 9 96T ¢S’ T 87'8¢E'T 4CL0ToCh  WLO1SoETT do-0D TOSOTSETTETOZCY T TO0dSE 322 S¢T
() () () () ()
() () 800¢ dod loua . .
joue  uonemap 1012 10119 poyjaw  uOnEA3|3 woneao| uoneas|a opmney  apmubuo] aweu oN oN S—
JUSWAINSEAW  JUSWAINSEAW  [AAI[-1ajeMm iod }omjaN aug depy
HOREURZ] - piEpUmS 8002 800¢ 800¢ azis a|dweg utod aJualajay
) 3Judaliajay

[4818W ‘W HpJomiau BuliojUOW [3A3]-181eM AlOJeloqeT [euoleN oyep-Aaning
1821601099 "'S'N “INI-SOSN H40MIduU BuLIoHUOW [9A3]-181eM BAITRId00D) 81RIS-|RIapaH ‘d0-00) SUONRIABIGQY "(xZ - Z) UOITBPIBA SSOID IN0-3U0-9ARS| WO PaUILLISIaP 10148 UOITRWIST "dMS [|aMm Yoea

10J SalIeA uoneinp ANOV P10921-J0-porrad 2Imud 9y} 10J SJUSWOINSLIUT UONBAJ[S [OAJ[-IdJBM JO :UOITRIASP piepurls Ava 800C ek Iepuo[ed 10J SJUSWINSEIW UOIBAJ[D [JAJ[-IdJeM JO AOBINDOE UBdW ;10419
1UBWIAINSEAW 800Z "800T 18K Iepuded SuLmp 19jem 03 yjdop aInseaur 0) pasn poyjow Jo ASeInode 10449 POYIaw Juswainsea 800z ‘88 AAVN Yl 8A0qe SIa1aW Ul ‘(z) 800z JeaA Jepua|ed J0) UOITRAS|D |9Ad]
-18]eM URIPAW :UOITRAS|3 |9A3]-181eM 800Z "800Z JeaA Jepuajed pue (HOd) p402ai-Jo-poriad sy 10} paplodal SUSWBINSEAW [9Ad]-181eM JO Jaquinu :azis ajdwes Julod aouaiajal J0 A9eindde 110443 UoI1ed0|
juiod 8ousaiaiay (88 AAWN) 886T JO WNeQ [BJ1H8/ UdLIBWY YLION 9A0ge S1slaw Ul ‘Julod 80uaiajal adejINs-pue| :uoileAs|s Julod 8duaJlajey "€86T JO Wi UedLIBWY YLUON 8yl YIM adUeWIOUO0D Ul ale
pue ‘Spu02Ias pue ‘sanuiw ‘sealbap ul :apniire] pue apnibuoT] ‘8oz 4O Se YIomiau Buliojiuow ajgel-1arem wisl-Buol Jo (S)aweu :aweu YI0MI8N *(STAU/ACS SSSTBIepIajeA//-d1IY) elep ||aM SSadde 0] pasn
SIOYIULPI [eoLIdWNY anbrun 10N 8}IS "S[QRI JOYIO0 UI BIRP ()M OUIQJAI SSOIO B SB PUB SAINSY Ul PAjedo] sdeur uo sjjom 21ed0] 03 pasn 1oynuapl :*oN dejy Apnis SIy) Ul pasn JoYnIuapI [[dm [ed0] :aweu [ea0]

'800¢ buunp

‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel


http://waterdata.usgs.gov/nwis

Water-Level Monitoring Networks, Eastern Snake River Plain Aquifer Using a Kriging-Based Genetic Algorithm Method

54

08, 80T T€0 €000 61°962'T 4 16T S0€0 80°L0S'T  uSTLSoTV  wEW60.E11 do-00 T06E60ETTIVLSZY 0L 1d49d9¢ 38¢ SS0O
ST'0T- 10°€ €00 €000 80°090°'T T ey 0600  9¥'90T'T  uVEISoTH 49TSEVIT do-0D Z0EZ8EYTTSEISZY 69 2agase 39T SSo
6L'T Se0 T0°0 €000 60'TVE'T 9 0LL'T €000  V9GVE'T  uL09SoTH  LILYELCII do-00 T0607EZTT809SZy 89 TOAOSE €€ SSO
88'T. S¢'. 99°¢ €000 05256 9 66T 899't  ¢V'T66 WOLSSoTY  w9TI9SoPIT do-0D TOEZISKTITTISSZY L9 Z2vadso 3€T S90
99°.- 6€0 eS'T €000 G9'0VE'T 1% Sl% 28T 90'TIE'T  uPS¥Solh  WTH6TLTIL do-0D TOOY622ZTTIGYSZy 99 140960 3rE S90
19¢C 8C'T €00 €000 9z'€ee'T 4 174% 0€00 LL'6EE'T  u9TYSoTh  46€.0SoTIT do-0D T08E0SZTITLZYSZY S9 19vd9aT 3T€ S90
€5'88- 19°2 99°¢ €000 €€998 9 9¢s 8G9'C  6E£'€98 W0TYSoTY  wTELSPIT do-0D TO6ZLSYTTTZYSZY 19 TO09V8T 3ET S90
199 €0'T S0°€ €000 76'vT1E'T € v.T 8Y0'€  9LCYV'T  u604SoTh  L00.706E11 do-0D T09GE0ETTZIVSZY €9 10494987 362 S90
66°6- 96'T S0°€ €000 CL8ST'T T 13 8V0'€  8CTCETT  u6WTSolh u¥S¥IoVIl do-0D TOTSYPTYTTOSCSZY 29 TAD26T 36T S90
Wi 080 100 8000 €€9ee'T 9 Sv0'C €000 GZLVE'T  uS1.TSolh  uSHiIoCTIl do-0Q TOSYTFZ1I19T2SZy T9 10AVv.cZ 32€ S90
cee- 19°C T0°0 €000 v7'02e'T S 0¢T €000 66/82'T u¥VS.1SoTh  u4THO0S.EI11 do-00 TOBEOSETTSSTSZY 09 1Ado8e 3¢¢ S90
99T T T€0 €000 00'S€2'T 14 0¢ G0E'0  SOTCET u8LISoCH uTLLEEIT do-0D TOBOLEETIBITSZY 65 Tvadace 3re S90
9.°2¢ 16T T0°0 €000 LT'EV0'T 9 L€T €000 0T'860'T  .¥S.6Volh 490.6E0111 do-00 £0£06EYTTSS6YZY 8S €vdOceT 39T SL0
TS50 260 eS'T €000 86CTET € L 28T GY'26ET  W9L6Volh  4OTT0.ETT do-0D TOOZTOETTIT6YZY LS 200021 362 S.0
880 G¢'¢ T00 €000 LT'9€2'T 0T 682'¢C €000  €8LIE'T  uLTS8VoCH uSSYEEIL do-0D TOZSYEETT8Z8YZY 95 TVvVvde6T 359¢ S20
€8'G- 9¢'¢ T0°0 €000 Yo Tre'T 8 119 €000 90€VE'T  uSTBYolH uSEETEIT do-0D TOZEEZETTIZ8YZY S TOOO%T 39¢ SL0
79 ¥6'T T00 €000 €2CCET 14 90¢ €000 TVOVE'T  u6TLVolh u0TESSTIT do-0D TO/TESZTTOELYZY ¥ 10Aave 30¢€ SL0
6€°0T 10T eS'T €000 19796 9 06T ¥28'T  ¥8°166 PRS2 e A 12540 | do-0D TO9V6YYTTEGIVZY €S Td4ddee T SL0
09'¢ ¢T'T 9T'0 €000 09'662'T € V1T ¢ST'0 60TLET  uEWSPolh  WELLOLEIT do-00 ZOOTLOSTTEYSYZY ¢S ¢VVVTO0 38¢ S80
TL°LT 68'T T00 €000 TECST'T 9 666 €000 STEVC'T  u8TSYHolh uTLSIoVIL do-0D TO60STYTTEZSYZY TS Tdvdso 36T S80
ey 9T- 144 T0°0 €000 89°0v2'T 6 €29 €000  TI8GCE'T  uESHVolh  uPOPToETT do-0D TOTOVZETTYSHYZY 0 T20d¢€0 392 S80
¥8'S 00T eS'T €000 16°G.6 9 90¢ 28T GT'866 W6EYPoTh  WILIVP I do-0D TOZIOVYTTEEVYZY 6 70490¢T 3PT S80
10 8.0 S0'€ €000 r'Ss9e'T S 59 8Y0'€  GZBIE'T  u6lbbolh 4STOTLEIL do-0D TOSTOZETTETYYZY 8F 109d.0 3.2 S80
14%4 SE0 100 €000 ¢6°956 9 2el'e €000 99896 uCSiEVoly  u6Y.6VoV 11 do-00 TOLY6YYITESEYZY LY 1992971 IYT S80
89°¢- 6C'¢ T0°0 €000 65'8€2C'T 14 44 €000  9EV6CZ'T  uECEVolh uSO.TELETT do-0D TOZOZEETTIVEEYZY 9P TOVA9T 39¢ S80
€5°€C- LT €q'T €000 LT2T0'T L 445 728’1 T9790'T  W0SEVolt  WPS9EoPIT do-0D TOOSIEYTITEEYZY Sb TOOD.T 39T S80
269 960 T00 €000 98'G8¢'T S 0¢T €000 CSOTET  uTTUTWolh uSTSIOEIL do-0D TOGZSTETTTZCYZY V¥ 1AAaaecz 322 580
4074 98¢ T00 €000 €1'62C'T 14 96T €000  €9T62'T  .00.Tholh  WOESPoEIL do-0D TOLZSYETTTOZYZY £V 10Ad9d/¢ A€Z S80
26'8T- 68T €G'T €000 28’786 4 8 7¢S'T 96'0T0'T  ubhilbolt WEWEVOPIT do-0D TOTYERYITYYIVZY CF Tvdadcee 35T S80
92'8¢ 870 T00 €000 v1'112'T 9 109 €000 6682'T ulllvolh uLS.STGEIL do-0D Z0VSSCETTZITYZY TP 2909E€ 39¢ S80
Sl'6Y 10T €91 €000 €2'980'T 9 06T 7¢S'T ¥8'G9T'T  .90.1¥oCF  u0S/LToP1] do-0D T06YV.ZYTISOTYZY OF ¢avaee 4.7 S80
¥9°CT- SL'C T00 €000 Lvre'T 6 86T'T €000  98°€82'T uI0.Volh uVTSTELL do-0D TOTZ8ZETTZOTYZY 6€ TVVvA9¢ 35¢ S80
69°0t- 650 €00 €000 15°GS6 9 6€€ 0€0'0  S6'8.6 uCSO0VoTt  uLl0.8Yob 11 do-0D TOLO8YYTTESOVZY 8 TVVvdeo IrT S60
w'T- 6¢'C T0°0 €000 G8'GET'T 0T 2¥9'c €000  02682'T uTSOVelh ul€IPoEll do-00 TOSZTIYETTESOVZY L€ TOVvdre 3ve S80
99T 860 T0°0 €000 ¥€7262'T € 0ge €000  /88EE'T  LISOVoCH uIPiE0ETT do-0D TO6EE0ETTZSOVZY 9€ TOdOvE 36¢ S80
G8'T 8e'T 100 €000 190/2'T 9 T¢6 €000  /8T82'T  u6E0VeCh 4ELOTEII do-0D TOTTOZETTCYOVZY GE Tvadare 32¢ S80
67’ T- 780 T0°0 €000 G9'/82'T € 0L, €000  /2682'T uELOVoCH ubhib0.E11 do-0D TOSEVOETTIETOVZY V€ TvO4gv0 362 S60
8T'T 96'T T00 €000 T€8YC'T 6 1722 €000  26/92'T  .T0.0VoCh uPEIEEIT do-0D TOTETEETTEOOVZY €€ TOVOE0 ASZ S60
¥8°¢- 80°¢ 970 €000 86'¢SC'T 9 ¥9¢ 2ST0  OT'TI8Z'T  uTh6Eellt  uETLTENL do-00 TO0ZLZETTEV6EZY ¢€ TdVvVv .0 392 S60
(w)
(w) (w) (w) (w) (w) 8002 d0d 1019 ()
10119 10113 poyjaw  UOIEBA3|D uoneaa|d aweu ‘ON 'ON
10113 uonelnap uoneao| apmuel  apnubuo aweu |eao
JUdWaINSeaW JUAWIINSEAW  |AAJ|-13)EM yuiod NlomaN ajug dep
HONBUIRST - pIERUEIS 8002 8002 8002 azis ajdweg wiod dJuaiajay
aoualajay

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



55

Table 5

65°L- 9’y ST €000 06'T2V'T € 96T 28T LOTOV'T  uLSVEoEY  LOV.8SoIII do-0D TOLESSTTTLSYEEY 80T Tdvdee 38€ NEO
9L°L- e 100 €000 Y2’ T6E'T 6 8.9 €000 YZIVV'T  u61.TCoEh  u60.40.C11 do-0Q T0L070ZTT0ZCEEY 20T Tvdawveo 3.€ N2O
S6'1- e€T'e 110 €000 ¥.°80%'T 14 9T 29L°0  TTSYY'T  u8TOEoEV  uP0.6Sol11 do-0D TOZOBSTTTEZOEEY 90T TAAVIT 38€ N2O
2’6 70 T0°0 €000 18'EEV'T 14 TcT €000  /E€GEI'T  .ES.8ToEV 4ELOTLEIL do-0D TOOTOZETTYS8ZEY SOT TvAddace 392 N2o
ANI-S9OSN TS9SN
0.0~ 0T'T 100 €000 69°0S€'T T €€0'C €000 98'TES'T  u6S9ToEy  WlliL¥oTIT ‘do-0D T080.¥ZTT00.ZEY 0T 120ds€ IT€ N¢O
T€'G6 99°C S0°€ €000 0E'ehy'T € 97 8Y0'€  G989V'T  LLO.OToEV u¥S.TSoEIT do-0D TOPSZSETTL00ZEY €0T 2a4gdadst 3¢¢ ST0
S.°0- 060 €G'T €000 28'97E'T 4 ¢t ¢s'T LLUSYP'T  u8T6LoEY 40T TYOTI do-0D T0.T2¥ZTT626TEY 20T Tdddcee 3¢€ ST0
19T 0'T eS'T €000 T8°05€'T € veT 28T 96'98€'T  46S.8ToEY  4SP8TLTIL do-0D TOEY8ZZTTZO6TEY TOT TOvdre 3re ST0
L YYT- cLe T€0 €000 €L'9¢2C'T ¥ €67 G0E'0  LTVES'T  u60.81oEV uThilPoEll do-0D TO9ETHETTOTSIEY 00T TO009¢ 3€¢ STO
L3¢ 0 €S'T €000 26'G9€'T € vT ¥2s'T 98'78E'T  LI0LIoEY WPT8ITII do-00 TOYZ8TZITZOLIEY 66 TAAdo9¢ 3s¢€ STO
68'GY €T T00 €000 8LSTY'T € 9IT'T €000  €OTOV'T  .9VI9loEh LOET0oVIT do-0D Z0OESTOVTTZYITEY 86 Z¢O0VT0 302 S20
89°0- 180 91’0 €000 90'LVE'T 4 [4%) Z¢ST'0  8968E'T  u6L.SIoEY 4I1.9€.CI1 do-00 T0609£2TTOZSTEY L6 Td9Vv9T 3€€ S20
€007 20y T00 €000 89°69€'T S 6¢¢ €000  LTB8LET .I9LSIoEr 4E0.610CIT do-0D TOTO6TZTTLISTEY 96 TAAArTr 3S€ S20
€6'TT- or'T 110 €000 G6'2SE'T € 097 29L°0 8Z08E'T u8WEloEV 4TTOTTIL do-0D T00Z0ZZTT6VETEY G6 TOVvdce 3S€ S20
220 880 €00 €000 GZ'8ve'T € 68¢ 000  6¥V6SET  .OWTloEY L1E6T.CII do-00 T08Z62ZTTZYCIEY 76 Tvdadee Ive S2o
1€C et eS'T €000 69°97€'T 14 S 28T 62°€8ET  uLEIToEY  400,EVLTIT do-0D TO8SZYZTIBETIEY €6 ZVYOVY0 3¢€ S€0
LT 180 T€0 €000 LLIVE'T S [4x4 G0E'0  8T9SE'T  WSTUIIoEY WLLLToTIL do-0D £0STL2ZTT9ZTIEY 26 €00dc0 3re SE0
160 990 €00 €000 06'97€'T 14 6TE 000  06'09€T  .S0.0loEV Wl bETII do-00 T060VEZTTI00TEY T6 TvdagapyT 3E€ SE0
G2'0- 290 €00 €000 €6'SVE'T 14 12¢ 0600  0S9LE'T  uLS.600EV u¥S9EoTIT do-0D T0O0S9EZTTSS60EY 06 TAVVLT 3EE SE0
L3¢ 6.0 €S'T €000 8EEVE'T 14 92T 28T TESTV'T  40€600EY  410,1SoCI1 do-00 T0/S0SZTTOE60EY 68 740097 3T€ S€0
980 6.0 T0°0 €000 LG8YE'T 1% 6TC €000  CCVYSE'T  uT80oEV u6TLTTIT do-0D T10/Z/2ZTTEVB0EY 88 Tdvdace 3re seo
€6'7Y- 99°C €00 €000 0€'€S2'T 1% 1ZA) 0600  096TS'T  4SE80.EV uLEVIOELL do-0D TOPETETTIEB0EY /8 Tvaave 3.2 Se0
€20 190 T0°0 €000 00°S¥E'T S 8¢¢ €000  TSLGET  u8TLOoEY uPLECTIT do-0D TOZTEEZTTEZL0EY 98 TOOD6S¢ 3¢€ S€0
8¢'8- VT T00 €000 8€'9¢€C'T 1% G86'T €000  SS0LE'T  uSTI0.EV uELOELEIT do-0D TOOT6EETTIZI0EY S8 1049490 3¢ Sv0
80'T 690 €00 €000 18EVE'T € 00v'T 0600  GL'9GE'T  .01.90.EV .9E.SETII do-00 TOEESEZTTOTI0EY +8 ¢d90€0 3€€ S0
69'T 90'T 970 €000 €eere'T € €e ZST0  86°00V'T  .90.900€r 48S/ISoCIT do-0D T09STSZTT/090EY €8 1049050 3T€ SY0
|4 660 eS'T €000 8LEVE'T S 144 28T 8€'/GE'T  490.900EY  4LOOVTIT do-0D T0OS00¥ZTTL090EY Z8 Tv4gOT0 32€ SY0
19T~ €L0 €G'T €000 L6TYE'T € ¢ST 7¢S'T 96'T9E'T  WOVS0oEY  WOWILYTIT do-0D TOLELPZTITLYSOEY T8 TvavTl 31€ S0
9¢0 180 €00 €000 YZTrE'T 14 69T 0600  SL6LET  .00V0EY  4E0.TSoTIT do-0D T0£0ZSZTTZO0EY 08 1d49d0c 3T€ SY0
18°€- €0 T€0 €000 0T'8EE'T S LTC GOS0  E6'LVET  LTEE0oEY ,00.8ETII do-0D T08G/EZTTEEE0EY 6/ 19920¢ 3¢€ S0
TLT- 9.0 €00 €000 STOVE'T 14 9¢g¢ 000  69CVET  u8LTO0EY uEVIVOTIT do-0D TOOY9YZTTITZOEY 8. Tvavoe 31¢€ St0
86'8 6T'C S0°€ €000 /8'T90'T 9 18T 870'€  06'00T'T  .6E.00oEV 48S.EVobIl do-0D TOSSEYYTTOVO0EY L. TVVVZT IPT SS0
02's ITT €00 €000 8L°LE€'T 14 €9¢ 0600  OT'€LE'T  uTEO0.EY uSLPS.TIT do-0D TOETYSZTTOE00EY 9. Tvdad¢T 30€ SS0
TLT- 0.0 110 €000 9ZTYE'T € (0] 24 29L°0  T6'8SE'T  uSL.8Solh uESOE.TIT do-0D Z0TS0£ZTTIT8SZY S 29920¢ 3rE SS0
8T'¢ 18°¢ T00 €000 62°0vC'T 14 8.7 €000 86'L6E'T  411.8Solt uSLILToEILL do-0D T0ZT.ZETTCI8SZY VL Tdvdace 3¢ SSo
85°¢- 1T €00 €000 GOVEE'T € €52'C 000  OTCVE'T  u9S.LSoTh  uLS.SVoTIT do-0D T0ZS8YZTT/G.SZY €L Tvav/e 31¢ SS0
St 1.0 S0°€ €000 Gi'Zee'T 14 ve 80’  GZ8YE'T  .00.8SoCh uSL.TSCIL do-0D T09TZSZTTYS.SZY 2L 20daet 31€ SSO
20 LE'E 100 €000 I8 TVT'T 9 919'¢ €000 CLTIZ'T  uSPLSoTh  wLOFTobIl do-00 TOTOVCYTITIV.SZY TL TVOVv9¢ 34T SS0O
(w)
(w) (w) (w) (w) (w) 8002 d0d 1019 ()
10119 lou1d poyjaw  UOIEBA3|D uoneaa|d aweu ‘ON 'ON
10113 uonelnap uoneao| apmuel  apnubuo aweu |eao
JUdWaINSeaW JUAWAINSEAW  [AAJ|-13)EM yuiod NlomaN ajug dep
HONBUIRST - pIERUEIS 8002 8002 8002 azis ajdweg wiod dJuaiajay
aoualajay

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



Water-Level Monitoring Networks, Eastern Snake River Plain Aquifer Using a Kriging-Based Genetic Algorithm Method

56

Sv'0 €90 eS'T €000 TL9SY'T 9 [44 ¥2ST  VYT'96V'T  WETLSoEY  LOLIITII do-0D TOTTITZTTEZ.LSEY SPT Td9VTT 39¢€ NLO
€9'9- G8'T T00 €000 96'€9Y'T S 06S €000  €8987'T  uV0.LSoEV  46THSolll do-0D TOLZYSTTTSOLSEY iT Tvad/lo 36€ NLO
wT- 69T 100 €000 06'7SV'T S YAZA €000 €6'09V'T  4STOS.EY  uSTITTIT do-0Q TOEY9TZTTIZ9SEY EVT TAVVET I5E NLO
y1eT GT'¢ T00 €000 9€'08Y'T S €90'T €000  €298V'T  .10.9SoEr  400,TSoll1 do-0D TO8STSTTTS09SEY CvT €d9a9T 36€ N.LO
S6°0 L0°€ €q'T €000 96'0SY'T 9 yxas ¢S'T 60 TIV'T  46S.SSofV WP ToTII do-0D TO6EVZZTTOVSSEY THT Tvdave ave NLO
6T 0- G680 T0°0 €000 €G'GSY'T 9 TIT'T €000  TOTOV'T  uLTSSoEV uCTLTIoCIL do-0Q T0ZTZTZTT8ZSSEY OFT yAdvee 39€ NLO
T.'6- 9.0 T0°0 €000 ¥2'087'T S €9/ €000  OV'TI8Y'T  uSLSSofV LTHOVoIIl do-0D Z00Y9VTTTITSSEY 6ET 7AAvet 307 NLO
og'e 16'0 T0°0 €000 €E'Gor'T € 98G'¢C €000  0T08Y'T  uSO.SSo€t  WPE9SoITT do-00 ZOTE9STTTI0SSEY 8ET 2vdaee 98¢ NLO
90T 8¢'¢ T00 €000 09'TSV'T 9 606'C €000  L969V'T  uV0.SSo€V  u¥TTToTIT do-0D T0£ZZZZTTYOSSEY LET 1AgOo0¢ AGE NLO
¥6'T- 10T T00 €000 98'GSY'T Z 86T €000  VO6LY'T  u104SoEh  4TS90CI1 do-0D T00S90ZTTZOVSEY 9ET 1AD228¢ ALE NLO
T€9 S8'T T€0 €000 28°€SY'T 9 ST G0E0  8OTOV'T  u8S.ESo€ uLTSIOCIL do-0D TOSZBTZITESESEY SET TAAO9¢ 3S€ NLO
0P €9'T T€0 €000 29vSY'T 14 69 G0E'0  VZ6SY'T  u9S.ESoEV  WTTLEELTIT do-0D TOOZEEZTTLSESEY PET TVVVYE 3EE NLO
867~ €eT 100 €000 T Yov'T S 149) €000 SLZIV'T  uELESoEY  WITISOIIT do-0D ZOBTISTTTYTESEY EET T902%€ 36€ NLO
0T0 89'T T00 €000 LO'EIY'T S 66T €000  G6'68V'T  uLTTSoEV 49E9SoIT1 do-0D TOVEISTTT8ZZSEY CET TA9aAc0 38€ N0
99°¢- GS'T T00 €000 2TVt 9 06€ €000  SSVIV'T  u80.CSoft  41TISoII do-0D TOTZISTTT60ZSEY TET Td990T 36€ N90
9e'€ €97 100 €000 TLYSY'T S 0S¢ €000 8G'697'T  4LOTSoEY  4ESOTTIT do-0Q £0TS0TZTT80ZSEY OET EVAVTT 39€ N9O
L€°0T 6E'T T00 €000 62°087'T S 9/¢ €000  8VE8V'T  uLLISoEV .8L.8¥olll do-0D TO9T8YTTIBTISEY 62T TVAveT 36€ N0
8¢'v- 4 S0°€ €000 0,'88Y'T 9 S0T 8Y0'€  09V6V'T  WSLISoEV uP0.EVolll do-0D TOZOSYTTIGTISEY 82T TVVVST 307 N9O
069 10T T0°0 €000 LETULY'T S 8T¢ €000  SLVIV'T  ulvi0SoEy  46T1Solll do-0D TOLZISTTI8YOSEY 12T TVVA9T 36€ N90
90'¢¢ 69T 100 €000 G 12Y'T 4 cLE €000 TV6SY'T  WLTOSoEY  u8T.0ToTII do-0Q 1092022118205y 92T TdVvVTZ 35€ N90
LE'TT- 6C'T 100 €000 6EYIV'T € 199 €000 6V LLV'T  uP1.0SoEY  uSS.6Yolll do-0Q Z0ESBYTTTSTOSEY SZT ¢JVVEC 36€ N90
v.C 990 T00 €000 8L0LY'T S GTe €000  88CUV'T  ul€6VoEy 46ETSolI do-0D TOLEZSTTTCEGYEY 2T 1d998¢ 36€ N90
T 31IS ddsn
68°¢- 9.0 T0°0 €000 2T LSY'T 14 6.7 €000  0898V'T  .ET6VEY 4OV10oCIT do-0D TOSETOZTTIVZ6YEY £2T 2avdog 38€ N90
86'C- €0'T T0°0 €000 €0VSP'T 14 €le €000  CETLV'T  u1T6VoEy uPTLOTIT do-0D 202z.02TT226vEY 22T ZVYOV6¢Z 3.€ N9O
oT'T- S9'T T00 €000 86'Co'T S vey €000 8TTUUV'T .9L6VoEr 4EESSOIIT do-0D ZOTESSTTTLI6YEY TZT 79OVGZ 38€ N90
8L'T- ST 100 €000 6T'SV'T 9 6SE €000 6269V'T  uVL.6VoEY uLOVSolII] do-0D TOSOVSTTIST6YEY 02T TOAVO0E 36E€ N9O
L6'VC- 08'T T0°0 €000 90'/8€'T 14 LTT €000  BSEIW'T  .9S.8VoEt  400.610CI1T do-0D T08S8TZTT/S8YEY 6TT TvaaZlz 35€ N90
44 060 T00 €000 6T V.LY'T S 60E €000  0S9V'T  uSL8VoEV 4SLOSoIIL do-0D Z0ETOSTTTOT8YEY 8TT 2d90G€ 36€ N90
GL'6- T0¢C 100 €000 0T'T8E'T 9 66T €000 8L°09V'T  uSSiLVoft uETITLTIT do-00 TOTZTZZTITISLYEY LTT TAAAce 35€ N9o
TELT 9e'¢ T00 €000 89'8YY'T 9 G8¢ €000  00°€SV'T  ulbilbofh u8E11oCIT do-0D Z09ETTZTI8Y.VEY 9TT Z2vade0 39¢ NSO
600 €0 T0°0 €000 LOTLY'T € 12¢€ €000 GBEELV'T  u8EIVEY  490.ESoIITI do-0D TOVOSSTTI8EIVEY STT TAVvAs0 36€ NSO
91T 1.0 T0°0 €000 8V vSY'T S 167 €000  9€9SV'T  .TS.Hbofh 48E900CIT do-0D T09E90ZTTESKHYEY V¥TT 1d9dTe¢ 32€ NSO
10°€ ¥9¢ 100 €000 9L v9V'T € €ec €000 YTELY'T  u¥SiIPoEy  uPE9So111 do-00 TOZEISTITESTYEY £TT 79d9¢T 98¢ N0
INI-S9SN ST 31IS ¥dsn
T2°0T- 297 T0°0 €000 €9°9/€'T 9 226 €000  6S90S'T 410V  460.810CI1 ‘do-0D T0L08TZTTZOTYEY ZTT TVVVPT 35€ N¥0
€9'1¢ 90°. T9°0 €000 16'G8Y'T 9 26¢ 0T90  2ETOS'T .88t 48T6WOII do-0D TO9Z6YTTTEYBEEY TTT TVVA9Z 36€ N¥0
¥8°G- re S0°€ €000 96'L0V'T 14 60¢ 80  208SY'T  uSS.9€eEV  uIviP0oCIT do-0D T06E0ZTTIS9EEY OTT TAgOoc0 AL€ NEO
L6V e 100 €000 8E'STY'T 8 919 €000 2S6VY'T  uPT9CEY  L0TE0LTIT do-0Q TO8TE0ZTTSZ9EEY 60T 19ddeT 32€ NEO
(w)
(w) (w) (w) (w) (w) 8002 d0d 1019 ()
10119 10113 poyjaw  UOIEBA3|D uoneaa|d aweu ‘ON 'ON
10113 uonelnap uoneao| apmuel  apnubuo aweu |eao
JUdWaINSeaW JUAWIINSEAW  |AAJ|-13)EM yuiod NlomaN ajug dep
HONBUIRST - pIERUEIS 8002 8002 8002 azis ajdweg wiod dJuaiajay
aoualajay

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



57

Table 5

S0T S9SN
620 12T T0°0 €000 S0'8VE‘T € 69 €000  SOVSS'T  4E€0.LToEV  4OT00.E1T TINI-SOSN TO8TOOSTIE0LZEY VLT 120d¢gg 362 N2O
60T SOSN
28°0- Tt T00 €000 26'97E'T ¥ TET €000  9€8ES'T  .00.LToEV  48S.T0.EIT TINI-SOSN TO9SZOETTIOLZEY €LT TOAOTE 362 N2O
80T S9SN
600 1T T0°0 €000 YT'8Ye'T T 19 €000  TOVES'T  .8S.9ToEh 46T8SoCIT TINI-SOSN T0928S2TI6S9ZEY CLT TODD6G€ 362 N20
JANVYD 044930
€20 1¢T 100 €000 G8'LVE'T ¥ LEV €000 €L'8TS'T  WLLOToEY  49S.SSoTIT TINI-SOSN TOSSSSCTT8TIZEY TLT TvdadoT J0€ NTO
G¢T S9SN
9e'T 780 T0°0 €000 0T'LVE'T ¥ 19 €000  TSOVS'T  u65.SToth 4EESO.EIT TINI-SOSN T08ZSOETTZ09ZEY 0LT 1Ad24980 362 NTO
TT S9SN
658 980 T0°0 €000 26 VE'T S ovs €000  TSSYS'T  uSEETEV  uSP90.E1T TINI-SOSN TOZYIOESTTIEEZEY 69T TAgdog 362 NTO
721 S9SN
800 v.0 T00 €000 9G'9vE'T 14 4% €000  SZ'9SS'T  .90.£To€  41€.8SoCIT TINI-SOSN TOTE8SCTTLOEZEY 89T Td026¢ 30€ NTO
T9-AIN 7T SOSN
0S¢ 890 T0°0 €000 18'GvE'T S T€6 €000  99°G9G'T  .81.0ToEF  uPE9SCIT TINI-SOSN T0ZEISCTIBTOZEY 29T TvOdST 30€ STO
HONVY 3TIN 8T
¢5°19¢ 88'¢C €S'T €000 €S0VL'T 9 0€T 7¢S'T OV v06'T  w6S.Lloby  uP0FSoIlT do-0Q TOZOVSTTTOV.TYY 99T 120ddL0 36€ NTT
9T'6T- T eS'T €000 €€LSY'T 9 06 28T 08'29S'T  4LTOLobY  490716CI1 do-0D TO8SETZTTOLOTYY SIT TOODTZ 39€ NOT
9¢€'0 eL'T €q'T €000 81 LSY'T 9 121" ¢S'T 68'TVS'T  4OV80oby  LOEETLTIT do-0D TOOEETZTITTYOVY 9T Tvvdar0 39¢€ N60
16°99- 8e'T eS'T €000 EV'8SY'T 9 €eT ¥25T  ¥0'9/9T  .8€80ovv 4EE00.TIT do-0D TOTE00ZTTEES0VY €9T TVv9a4dSs0 38€ N60
66'T9- 67'¢C T00 €000 70'89%'T 1% G8T €000  TE€889'T  LIS.LOoVY uIESHoIIL do-0D TO62SKTTTCSLOVY 29T TAAAso 307 N60
76°¢- 860 €G'T €000 69°9SY'T 9 8€9'T ¢S'T GE'8OS'T  WVTLOoVY  uSSHToCIT do-00 TOESYCZTTG2.0vy T9T TAAVTT I¥€ N60
60°€ 6S'T eS'T €000 €9'85Y'T 1% 8T 28T 67°0TS'T  4L0.90oVy  4TSTITII do-0D T0O0SZTZTT8090VY 09T TODDST 39€ N60
T0°€- 26'¢ LL°0 €000 2LTSY'T € ¥9 290 CLSIYV'T  WOVb0oby  WLYi8ToTIT do-0D TOWY8CZTTLYYOVY 6GT Tavdaec A€ N60
ve'T- ve'T €S'T €000 80°9SY'T 9 9Tv'T 28T 96'€8V'T  4TS.€0oVY  46S/ETLTIT do-0D TO/GETZTTESEOVY 8ST Td9O€€ 39¢€ N60
1G°€C- T1.¢C 100 €000 €6°L9V'T € 10¢ €000 STVIS'T  4TST0ovY  WETIYOIII do-0Q TOTZIVITIESCOVY ST TAVIOTO 307 N8O
65°¢C Sv'T LL0 €000 8T'8SY'T 9 90T 29,0 G8'LLV'T  u8€.T0oVY  LELTITIL do-0Q TOTTZTZTIBECOVY 9ST TAD2AEO0 F9€ N8O
9¢0 65T eS'T €000 98'v9v'T 9 €eT 28T 0G'CSS'T  uSET0oVy  ubbiLbolll do-0D TOLY/PTTTIEZOVY SST 722290 30¥ N80
¥6'C 99'T ST €000 9/'SSY'T 9 83T 728’17 87'S8Y'T  40S/10oVy  4STSTHTIL do-0D T0ECSZZTITISTONY ST TOOdTT I¥E N8O
€8S 10T T00 €000 0T'9SV'T € 0ge €000  G899V'T  uLS.00bY 48E6T.CIT do-0D 509£62ZTT8S00VY €ST L022.T 37E N8O
8T°0- 6€'T LL°0 €000 65°9G1'T 9 1GT 29,0 8T'L9V'T  410,00o%F LOTEILTIT do-0Q TOSTETZTITZO00VY ¢ST TAD2ATZ 99€ N8O
658 70'€ €G'T €000 00°22S'T 9 114 7¢S'T €6'LVS'T  uETOSoEY  WO6EFELITIT do-00 Z0/EVETTTYZESEY TST ¢dd0G¢ AT N80
T0°G- ¥8°¢C S0°€ €000 v6'677'T 9 99T 80  99°G9V'T  uIL.6SoEV  40S.9ToCI1 do-0D TO8Y9ZZTTCIB6SEY 0ST TAAdO/LZ IPE N8O
€70 1S°C €S'T €000 61'805'T 9 8.1 ¥¢8'T TT'82S'T  u10.6So€y  uSELEGIT] do-0D TOTELETTTIVO6SEY 6VT Tadvee 3Ty N80
€T'0¢ 660 T0°0 €000 GGL6Y'T S T.E €000  V900S'T  uSELSoEV u¥0.9¥olll do-0D TOZO9YTTTIELSEY 8YT 1049ds0 30¥ NLO
620 9€¢ 100 €000 80'2SY'T 9 GIT'T €000 COTW'T  WLTLSoEY  wl1.8ToCTII do-00 TOTT82ZTT8ZLGEY YT TOAOY0 7€ NLO
T€0 6C'T €G'T €000 62°9SV'T 9 €T 7¢S'T 09°29V'T  WLTLSoEY  uST¥IoTIT do-0Q TOETYTZTT8ZLGEY 9YT 1949960 39€ N.LO
(w)
(w) (w) (w) (w) (w) 8002 d0d 1019 ()
10119 lou1d poyjaw  UOIEBA3|D uoneaa|d aweu ‘ON 'ON
10113 uonelnap uoneao| apmuel  apnubuo aweu |eao
JUdWaINSeaW JUAWAINSEAW  [AAJ|-13)EM yuiod NlomaN ajug dep
HONBUIRST - pIERUEIS 8002 8002 8002 azis ajdweg wiod dJuaiajay
aoualajay

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



Water-Level Monitoring Networks, Eastern Snake River Plain Aquifer Using a Kriging-Based Genetic Algorithm Method

58

SEN DINMYH

€C0- 06°0 100 €000 GL'8vE'T 4 8y €000  YO'0EST  uL0.0Cott WITTOEIT TINI-SOSN TO8TZOETTB00EEY €6T 19AVv8T 362 N20
68 S9SN

LE0 Yxaré 100 €000 86'87€'T 14 L6¢ €000  8ZYEST  4S0.0Cott uEL0.EIT TINI-SOSN TO8ZEOETTS00EEY 26T TAAVET 382 N20
90T S9SN

09°0- 8E'T 100 €000 T9'87E'T 4 €t €000  CL'62ST  u8S.6Tott ubE6SoCIT TINI-SOSN TOTEESCTIBS6CEY T6T TvaOST 362 N2O
VST ONMYA

€e0- €L0 100 €000 05877 14 ov €000  2982S'T  uSS.6Tott  uILEOEIT TINI-SOSN TO60ES0ESTTIS6CEY 06T Tva08T 36¢ N¢0
LTT S9SN

0T°0 €60 100 €000 LL8YE'T 14 12T €000  /882ST  ubS.6Tott  uT10.£0o€TT TINI-SOSN TO6SCOETTSS6CEY 68T 1Ago8T 36¢ N¢0
81T S9SN

ST°0 780 100 €000 6L'87€'T 14 ¢l €000  G8'825T  u9T6Tott WECTOEIT TINI-SOSN TOOECOETTLY6CEY 88T TvOd8T 362 N20
6TT SOSN

LT°0- 96°0 100 €000 T9'87E'T 14 61T €000  LLVEST  ubhi6Tott  u9ETOCIT TINI-SOSN TOVECOETISYECEY L8T 190d8T 362 N20
L0T S9SN

A Y11l 100 €000 85'TSE'T 14 STT €000  06'667'T uI1.6Tott 4OLESSTIT TINI-SOSN TO8ZESCTIZY6CEY 98T TvO09T 30€ N¢0
88.59sN

90°0- L9V 100 €000 8L'8VE'T S 80€ €000 OV'TEST  u6€6Tofh  ub0.£0oETT TINI-SOSN TOZOEOETTOV6ZEY S8T TAd08T A6¢ NCO
avriN DN

170 1.0 100 €000 L8'8VE'T T 62 €000  GOCEST  u8E6T.EY  ub0.£0oETT TINI-SOSN TOTOEOETIBEGCEY V8T ¢Add28T 362 N¢0
98 S9OS

Gev 8E'T 100 €000 87'87E'T S ove €000  09'8YST  ubE6Tott 4b0.80o€1T TINI-SOSN TOO0SOETTSEGCEY €8T 19949Tc 382 N20
S9N DINMY

1€°0 1ZAY 100 €000 89'87€'T 1 8¢ €000  0T'SYST  40L6Tott 4E€S10oE1T TINI-SOSN TOOSTOETTIEGCEY 28T Tva4g0¢ 362 N2O
T 370H3H0D

LC9- 8T'T 100 €000 69°0S€'T 1% 4} €000 88°2€9'T  .9T6ToEY  uEOIPTIT TINI-SOSN TOTOTYZTTLZ6CEY T8T Tvavee 3¢€ N0
02T s9sn

0€0- 76°0 100 €000 TC8YE'T A T4 €000  8ELEST  u8LOToEY  WLLEOEIT TINI-SOSN TOSTEOETIBT6ZEY 08T 1904961 362 N20
70T S9SN

2o 80T 100 €000 v8'6vE'T S €t €000  8ZTZST  uSS.8Tott uILI9STIT TINI-SOSN T0809SCTTIS8CEY 61T 1Avave 362 N2o
TEVTIV

670~ 160 100 €000 00'8vE'T 4 14" €000  YO'SYST  uTS.8Tott u6L.TOEIT TINI-SOSN TOLTZOETTESSCEY 8LT TvddeT 362 N2
6 SOSN

500 66'0 100 €000 YT LYE'T 2T G88'T €000 6CVEST  WTELToEY  uTHV0.ETT TINI-SOSN TOSYYOETIOVLZEY LLT TOVVSE 98¢ N2O
€7 59sN

20°6¢- 6€°0 100 €000 90°LEE'T 1 9.€ €000  ST6E9T  WOLLToEY  uIBbIoEIT TINI-SOSN ZO6EVIETTTELZEY 91T ¢OOVEE 312 N2o
V0TT S9SN

650 ¢6°0 100 €000 G8'0SE'T 4 LE €000  88%2ST W9LLTotY WLLOSCTIT TINI-SOSN C0STOSCTTLTLCEY GLT ¢Aavase 30€ Neo

(w)
(w) (w) () () (tu) 800 4Hod loua (t) . .
joue  uonemap 10113 10113 poyjaw  uUONEA3|d uone2o| uoneas|d opmue7  opnybuol aweu oN oN aweu (2907
JUBWAINSEaW  JUAWAINSEAW  |IAJ[-13JeM juiod PITIAETY] ans depy
HoNGHNSa - pIEREIS 8002 800¢ 8002 az1s ajdweg wiod adualajay
aoualajay

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



59

Table 5

8¢1 S9SN

AN 9.0 T00 €000 82'9G€'T 9 °1% €000  22'S0S'T  .6V.TEEY  485.9SoCIT TINI-SOSN T09S9S2TTOGCEEY €T¢ €da9d9¢ 362 NEO
§8 S9SN

S0°0- T T0°0 €000 €€'96E'T 1% 29¢ €000  ¥V90S'T  uSHTEoEV  WPLLSoCIT TINI-SOSN TOZTLSCTIONZEEY CT¢ 19099¢ 362 NEO
TT-¢47v40

€e0 ¥8'T T0°0 €000 1T95E'T 14 TC €000  €TE0S'T LOSTEoEY 40TI9SoCIT TINI-SOSN TOLTISCTTOECEEY TIT TOVA9€E 362 NEO
Vvayv

€90 ev'T T00 €000 6v'LGE'T 14 7 €000  LZV9S'T  uTTTEEY uSO.LYCIT TINI-SOSN TOZ0LYVCTIEZZEEY 0TC TVOdse ITE NEO
OT AVMHOIH

e v’ T00 €000 60°CLE'T 1% (0] €000  67'CSS'T  uLLTEEY 48L.61oCIT TINI-SOSN TO9T6TZTIBIZEEY 60C 109920 3S€ N20
6-€ 41Vv40

8¢0 or'T 100 €000 €€'96E'T 14 X4 €000  OT'Z0S'T  uSL.TEoEV WELLS.CIT TINI-SOSN TO0TLSZTIITZEEY 80T TO009¢ 362 NEO
0T-¢41Vv40

¢L 0 8C'T 100 €000 T9'GGE'T S 9. €000 YEVOS'T  4SLTEoEY  4SE9SLTIT TINI-SOSN TOEEISCTTITZEEY L0T ¢20d9¢ J6¢ NEO
86.T ddOl

GE0 €0 T0°0 €000 9¢'9G€'T 9 99 €000  STVYOS'T  .9TTEEY u979SoCIT TINI-SOSN T0929SCTIITZEEY 90C TOAA9E 362 NEO
0€T S9SN

ST0 620 T0°0 €000 9€'GGE'T ¢t €Tl €000  /6C0S'T LOSI€Er 4IE9SoCIT TINI-SOSN T0829SCTIOETEEY S0C TVvOdT0 362 N20
6 3LIS

¥6°0 1T T00 €000 G8'GGE'T ¥ GG¢E €000  6E€C0S'T 4TTUICEY LE0.ESoCIT TINI-SOSN TOTOSSCTIECTIEEY 0T T22Av0 30€ N2O
8S9SN

09°LT- vZ'T 100 €000 0L'87€'T S 6TS €000 87 78S'T  L0TICoEY  400.TIoEIT INI-SOSN TO8STTETTTZIEEY €02 12ddco0 3.¢ N2O
SZTIN DINM

Ge'T 180 T0°0 €000 05°2S€'T 14 °14 €000  TSLIST WLLISEY 49€6S.CIT TINI-SOSN TOVEGSCTIT8TIEEY 20C TOD2€0 362 N2O
STTIN DN

S0°0- 990 T00 €000 0€'67E'T 14 ve €000  6C°€TST  uLS.OEoEY  490.10.E1T TINI-SOSN TOVOTOSTIBSOEEY TOC TOAV80 362 N20
127 S9SN

4 160 T00 €000 8LVSE'T ¥ 66 €000  8LTIST  uLS.OEoEY  uSTLS.CIT TINI-SOSN T022.SZTT8S0EEY 002 TAAVTT 362 N2O
SYTIN DINMWNA

250 8T'T 100 €000 68'8VE'T 14 X4 €000  96VES'T  4IS.0EoEY  4TS.TOEIT TINI-SOSN TO0SZOSTIZSOEEY 66T Tvvd.0 362 N2O
6¢T S9SN

16°0- ST0 T00 €000 LG8VE'T IT 68 €000  VOEES'T .9€.0E.Er 4OE00.E1T TINI-SOSN T0OLZ00STTIEOEEY 86T Zvao60 362 N20
TET SOSN

86°0- 020 T0°0 €000 9e'TSE'T ¢t L0T €000  VI8IS'T .SEO0EoEr 461.8SoCIT TINI-SOSN TO9T8SCTTIE0EEY L6T TVOOTT 362 N2O
S.LIN DN

G20 ev'e T00 €000 96'87E'T 14 1% €000  €9°928'T  .TTOEEY uIST0.E1T TINI-SOSN TO8YTOSTTEZOEEY 96T Tvd4d.T 362 N2O
€859sN

L0°0- 70'T T0°0 €000 G6'2GE'T 1% 65E €000  OT'L0S'T  4TTOEoEY 481.9SoCIT TINI-SOSN TOSTISCTIEZOEEY ST TVVVET 362 N2O
18S9SN

€e0 A 100 €000 TT6VE'T ¥ €0¢ €000 0G'08S'T  4CTLOSoEY  u9%TO0.EIT TINI-SOSN TOZYZOETTETOEEY V6T TvadsTt 36¢ N¢0

(w)
(w) (w) (w) (w) (w) 8002 d0d 1019 () . .
1013 uonenap 10119 lou1d poyjaw  UOIEBA3|D uone2o| uoneaa|d opmue7  opnybuol aweu oN oN aweu (2907
JUdWaINSeaW JUAWAINSEAW  [AAJ|-13)EM yuiod NlomaN ajug dep
HONBUIRST - pIERUEIS 8002 8002 8002 azis ajdweg wiod dJuaiajay
aoualajay

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



Water-Level Monitoring Networks, Eastern Snake River Plain Aquifer Using a Kriging-Based Genetic Algorithm Method

60

6€ SOSN

9T'0 11T T0°0 €000 Zr9Ge'T 1% LT €000  68°€0S'T uTHECEY WP0.LSoCIT TINI-SOSN TO00LSCTIEVEEEY CEC 1Ag4dse 362 NEO
G€ S9SN

LT°0- 19T T0°0 €000 ¥2'9S€'T 14 12T €000  TVE0S'T 48E.E€oEr u10.LSoCIT TINI-SOSN TO8S9SCTIBESEEY TET 1dAdse 362 NEO
Y€ S9SN

100 69T T0°0 €000 0v'9S€‘T 14 997 €000 8CZ€0S'T  uVEEEEY uLS9SoCIT TINI-SOSN TOSS9SCTIVEEEEY 0EC 10Adse 362 NEO
L9T-V NOW ddOl

€70 L¥0 T00 €000 95'9G€'T 14 (0]% €000  ¥8'80G'T .OE.EE.EV 460.85oCI1 TINI-SOSN TOLO8SCTITIEEEEY 62C TdVvO9¢ 362 NEO
TTT S9SN

62°0- 18T 100 €000 9T'9GE'T 14 T. €000  2800S'T .OS.EE.EF 480.9SoCIT TINI-SOSN TOSO9SCTITIEEEEY 8¢ 120040¢ 30€ NEO
9TT S9SN

900 89T 100 €000 61°9G€'T ¥ S0T €000 LV66V'T  JIEECEY  4SESSHTIT TINISSOSN TOZESSCTITEEEEY L2¢ TOOV0E J0€ NEO
9¢ S9SN

100 SL'T T0°0 €000 TY'95€'T 1% v.LT €000  LEE0S'T  u6TECoEY uPS.9SoCIT TINI-SOSN TOZS9SCTIOSEEEY 92¢ TAAdse 362 NEO
1€S9SN

10°0- et T00 €000 LT9SE'T 14 eve €000 8CZ€0S'T  uSTEEEY u1S.9SoCIT TINI-SOSN T0879SCTTIZEEEY G2T TVVOSC 362 NEO
8¢ S9SN

20°0- €9'T T0°0 €000 92'95€'T € orT €000  EVE0S'T  uTTUECEY 49%.9SoCIT TINI-SOSN TOEV9SCTIZZEEEY VT TAVOSZ 362 NEO
GTT S9SN

ZTo €91 T0°0 €000 L7'9GE'T € 60T €000  €€00S'T u6L.ECoEY uP1SSoCIT TINI-SOSN TOTYSSZTIOZEEEY €2¢ TAVO0¢ J0€ NEO
Z2S9sSN

€20 80'T T0°0 €000 Zr'6SE'T S 589 €000 SGZ€9S'T .6LECoEY uPTLEVLCIT TINI-SOSN TOSZEVCTIOZEEEY 22C T0AA6¢ 32€ NEO
1T S9SN

T0°0- 0L'T T0°0 €000 ¥€95€‘T ¥ 90T €000  6900S'T .8LEECEY LES.SSoCIT TINI-SOSN TO0SSSCTIBIEEEY TeC TAgoo0g¢ 30€ NEO
1,.S9SN

¥20- 65T T00 €000 ¥2'9S€'T 14 90T €000 TT'TOS'T  WWLECEY  490.9SoC11 INI-SOSN TOE09SCTTISTEEEY 02¢ Td020€ 30€ NEO
ZTT S9SN

¥20- 19T T0°0 €000 62'9GE'T S vTT €000  90°€0S'T  WV1L.ECoEY LEEISCIT TINI-SOSN TO0SISCTIVIEEEY 61¢ TvOdSe 362 NEO
€TT SOSN

670 89'T T0°0 €000 ¥1'95€'T 1% 10T €000 0S20S'T WWLECoEY 41TI9SoCIT TINI-SOSN TO8TISCTIVISEEY 8T¢ TdAAse 362 NeO
¢ AVMH9OIH

€0y ve'T 200 €000 2€19€'T 1% G8¢ GT00  OTT6S'T  .90.€€0€7 4TO.0EoCIT TINI-SOSN TO000SCTTLOSEEY LTC 10949Z€ IPE NEO
99T-V NOIN dd2lI

89°0 8¢0 T00 €000 LE'9GE'T 1% 89 €000  69TIS'T  u6S.TEEY  49E8SoCIT TINI-SOSN TOSE8SCTTO0EEEY 9TC TAAvye 362 NEO
T0T S9SN

86°¢ ST T0°0 €000 16'€9€'T TT 08T €000  ¥9TO9'T  4SS.TEEY 4TTUBELCIT TINI-SOSN TO8T8ECTISGCEEY SGT¢ TAAV9E 32€ NEO
02 S9SN

190 ¢T'T 100 €000 T6'GSE'T ¥ ST. €000 8T'66V'T  4TS.TEEY  4T0.SSoCIT TINI-SOSN TO6SYSCITESCEEY VTC TAVVTE 30€ NEO

(w)
(w) (w) (w) (w) (w) 8002 d0d 1019 () . .
1013 uonenap 10119 10113 poyjaw  UOIEBA3|D uone2o| uoneaa|d opmue7  opnybuol aweu oN oN aweu (2907
JUdWaINSeaW JUAWIINSEAW  |AAJ|-13)EM yuiod NlomaN ajug dep
HONBUIRST - pIERUEIS 8002 8002 8002 azis ajdweg wiod dJuaiajay
aoualajay

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



61

Table 5

€¢8T IT1AdIN

000 9T'0 T0°0 €000 Zr'9Ge'T T 09 €000 8990G'T .8I.VEcEh ,0T8S.CIT TINI-SOSN TOLT8SCTIBIVEEY TS¢ Tva0O€g¢ 362 NEO
€7 S9SN

T0°0- 68'T T0°0 €000 05'95€'T 14 LTT €000 0S66V'T uVlbEotr uLI9SoCIT TINI-SOSN TOSTISCTISIVEEY 06C 2avave 362 Neo
25 59sN

10°0- 18T T00 €000 €G°9G€'T 14 €8 €000  9OVL6V'T  uVIWEoEr uL1.SSoCIT TINI-SOSN TOZYSSCTIVIVEEY 6ve TOVO6T 30€ NEO
07 S9SN

¢00 09T 100 €000 ¥59G€'T 14 [ASt) €000 GE66V'T  uILbEoth uP1.9SoCIT TINI-SOSN TOTT9SCTITIVEEY 87C TAvave 36¢ NeO
¥ S9SN

800 98'T 100 €000 0G'96€'T 14 60T €000 66'66V'T  .80.4EcEY u¥TI9S.CIT TINI-SOSN TOTZ9SCTIBOVEEY L¥e 1dAatve 362 N€o
7 S9SN

S0°0- G8'T 100 €000 29'96€'T 4 LTT €000 YS'66Y'T  uLOVEoEY uP1.9S.CIT TINI-SOSN TOETISCTIBOVEEY 9Pe Tvaave 36¢ NeO
9% SOS

600 9e'T T0°0 €000 9G°9G€'T 14 ¥0g €000 6S66V'T  .90.4E€oEr  uL19SoCIT TINI-SOSN TOSTISCTTLOVEEY Sve €vaavz 362 Neo
¥ S9SN

500 11T T00 €000 8G°9G€'T 14 vTT €000  SE66V'T  uLOVESEY 490.9S.CIT TINI-SOSN TOS09SCTTLOVEEY vie TdOD6T 30€ NEO
2 S9SN

S0°0 78'T 100 €000 87'9GE'T 4 0TT €000 2L66V'T  uTOVEoEy  uP1.9SoTIT TINI-SOSN TOETISCTTYOVEEY E€¥C ¢vaave 36¢ Neo
S S9SN

220 €6'T T0°0 €000 GZ'9SE'T 14 20T €000  /6'66V'T  .TOVEoEY 40T9SoCIT TINI-SOSN TO8TISCTIZOVEEY Cve 10AAve 362 NeO
87 S9SN

T0°0- S6'T T0°0 €000 2G9G€'T 14 T0T €000  2L66V'T  .004EoEr  4S0.9S.CIT TINI-SOSN TOE09SCTTIOVEEY THe TODD6T 30€ NEO
2859sN

220 4 T00 €000 G9'9GE‘T 1% 0S¢ €000  9996V'T  .00VEoEr LELSS.CIT TINI-SOSN TOOTSSCTITIOVEEY 0Ove 20AaeT 30€ NEO
78 S9SN

600 €s'T T00 €000 91'95€'T 1% €ee €000  S0'90S'T  .9S.€€oEV u¥iLSoCIT TINI-SOSN TOZV.SCTTISEEEY 6EC TADOAET 362 NEO
65 SOSN

100 08'T 100 €000 €9'96E'T 14 18 €000  TS86V'T  uES.EEoEV  WIS.SSoCIT TINI-SOSN TOLYSSZTIVGEEEY 8EC Tdv4d0og 30€ NEO
221 S9SN

10°0- T T0°0 €000 91'9GE'T 14 4% €000  6L86V'T  4ES.EEoEY  uPS.SSoCIT TINI-SOSN TOZSSSCTIEGEEEY LEC Z2vda4dog 30€ NEO
€21 S9SN

LT°0- v’ T0°0 €000 0€'95€'T 14 Sl% €000  SV00S'T  4IS.E€oEV 4I91.9SoCIT TINI-SOSN TOVT9SCTIZSEEEY 9EC ZVYVVSZ 362 NEO
TS S9SN

G20 18T T00 €000 65°95€'T 14 /8 €000  VL66V'T  u61.EEEY  460.9SoCIT TINI-SOSN T0909SCTTOSEEEY GEC Td990€ 30€ NEO
15 59SN

ST0 LT T0°0 €000 2r9Ge'T 1% 8eT €000  9€TOS'T  WEWEEEY 48TI9SoCIT TINI-SOSN T0929SCTIVYEEEY VEC TA49VvSeZ 362 N€O
1959sN

L0°0- 78T 100 €000 TY'96€'T 4 6L €000 G9'86V'T  uEVECoEY  WEWSSOTIT TINI-SOSN TOTYSSCITYYEEEY €€ TAv4doe 30€ NEO

(w)
(w) (w) (w) (w) (w) 8002 d0d 1019 ()
10119 lou1d poyjaw  UOIEBA3|D uoneaa|d aweu ‘ON 'ON
10113 uonelnap uoneao| apmuel  apnubuo aweu |eao
JUdWaINSeaW JUAWAINSEAW  [AAJ|-13)EM yuiod NlomaN ajug dep
uohewmsy - plepuels azis ajdweg wiod aoualajay
8002 8002 8002 ! asualajey

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



Water-Level Monitoring Networks, Eastern Snake River Plain Aquifer Using a Kriging-Based Genetic Algorithm Method

62

66 SOSN
o T€¢C 100 €000 67 T9E'T 14 LGT €000 T6'G8Y'T  4€0.LEoEY  WPTSSoTIT TINI-SOSN TOTZSSCTTS0LEEY 012 TADV90 30€ NEO
86 SOSN
8T'T- SV T0°0 €000 98'65€'T € 29T €000  0S68Y'T  .9S.9€c€r 48E9S.CIT TINI-SOSN TO9E9SCTTLGIEEY 692 1d9dT0 362 NEO
¢ V1S 344
8c'e 00°¢ T0°0 €000 TCTIE'T S Ih% €000  62G6V'T  uLPiSEoEV  4STIS.CIT TINI-SOSN TOSZISCTI8YSEEY 89C TdAAcT 362 NEO
€T MIN 1INV
¥10- T 100 €000 02'G9¢'T T 9T €000 LLTIS'T  uSHSEoEh  uPP6EoCIT TINI-SOSN Z0TY6ECTTSYSEEY 292 ¢OVVPT 32€ NEO
TO0 vV S90 INV
ST0 ve'T 100 €000 ¥€'G9E'T T 97 €000 86'T9S'T  uhSEoEh uPh6EoCIT TINI-SOSN TOTY6ECTISYSEEY 99C TOVVPT 32€ NEO
9T 3lIS
700 ST'T 100 €000 ¥¥'G9e'T T 90T €000 Y0'29S'T  W¥PiSEoty  L81.6€0CIT TINI-SOSN TOSTEECTISYSEEY S92 TAGdET I2€ NEO
§S9sSN
60°0- 14A% T0°0 €000 62°09€'T 1% 1424 €000  €090S'T  .ThSEoh uOV.6VoCIT TINI-SOSN TO8E6YCTIEYSEEY 92 TAAOZT 30€ NEO
6T 3LIS
€70 €Lt T00 €000 19°9G€'T 14 /8 €000 0S20S'T 4ITSEoEy u¥T8S.CIT TINI-SOSN TOTZ8SCTIZCSEEY €92 Td0avT 362 NEO
1S31L d1N
G5'0- ST T00 €000 19'9G€'T ¢l 819C €000 T966V'T  u61.SEoEV uTELSoCIT TINI-SOSN T092.S2TTOCSEEY 29¢ TAAVYT 362 NEO
1S31 40ddv
¥20- [45) 100 €000 6679€'T 1% 18¢ €000  90'G/S'T  .80.S€c€  ,0S.8EoCIT TINI-SOSN TO8Y8ECTIBOSEEY T9C TVOdET 32¢€ NEO
dS1avyl
T20- 89'T T0°0 €000 2G'9G€'T 14 €9 €000  6VTOST  4SO0.SE€oEr u6E.LSoCIT TINI-SOSN TOEZLSCTTI0SEEY 09C TA9avt 362 NEO
6. S9SN
Sv'0- or'T T0°0 €000 GZ'9S€'T € 88¢ €000  68°€0S'T  4SO.SE.EV  4TTLSSLCIT TINI-SOSN TO6T8SCTISOSEEY 6SC TAgOoyT 362 NEO
00T S9SN
70 197 T00 €000 8T ¥9€'T 1% 0€T €000  €TE€LS'T  .TOSEEY  460.0voCIT TINI-SOSN TOL00VZTTEOSEEY 8SC TAAOPYT 32€ NEO
85 S9SN
0oT'0- SP'T 100 €000 19'9G€'T 14 STy €000 TT'00S'T  u6SVEEY WLSoTIT TINI-SOSN 20S2.SZTT00SEEY LSC 2vaart 36¢ NEO
T2T S9SN
T1S8°T- T T00 €000 T€9G6E'T € 67 €000  €SL6V'T  u6WEotr  490.9S.CIT TINI-SOSN TOS09SCTIOSYEEY 9G5C TO028T 30€ NEO
1S31 ddN
A7) ¥6'T T0°0 €000 T209€'T S 14} €000 89VOS'T  .6V.VEEY uPETSoCIT TINI-SOSN TOTECSCTIGYYEEY GGC TAAA9T 30€ NEO
G9 S9SN
ST'T Il 100 €000 6Y'LGE'T 14 8¢¢ €000 E€T'20G'T W9V VEofh  LOS.LSoTIT TINISSOSN TOSY.SCTTLVYEEY 752 TddVvee 462 NEO
9/.59sN
0L0- LT T0°0 €000 LT9GE'T € 20T €000  S9°€0S'T  WVTVEEY uSELSoCIT TINI-SOSN TOZELSCTISZVEEY €S¢ TOAVETZ 362 NEO
2259sN
967~ 12T 100 €000 Sy'TGE'T ¥ €69 €000 8L'6ES'T  ulTYEoEY WPTEDLEIT TINI-SOSN TOLTEOETTZZYEEY 2S¢ 194906T 36¢ NEO
(w)
(w) (w) (w) (w) (w) 8002 d0d 1019 ()
10119 10113 poyjaw  UOIEBA3|D uoneaa|d aweu ‘ON 'ON
10113 uonelnap uoneao| apmuel  apnubuo aweu |eao
JUdWaINSeaW JUAWIINSEAW  |AAJ|-13)EM yuiod NlomaN ajug dep
uohewmsy - plepuels azis ajdweg wiod aoualajay
8002 8002 8002 ! asualajey

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



63

Table 5

ST S9SN
§6'C- YA/ T00 €000 88'G9E'T ¥ (144 €000  LLIOV'T  uVETVoEY  LOTSSoCIT TINI-SOSN TOLTSSCTIVECYEY 06C TVvawv90 30€ N0
2159sN
T 0T'¢ T0°0 €000 92'G9¢'T ¢t L02'C €000  06'69V'T  .STIVoEY LOLSSoCIT TINI-SOSN T0L0SSCTIIZTIVEY 68C TdAv.0 30€ N0
€259sN
oce- 16T T0°0 €000 81'€9e'T S 99§ €000  LL68V'T  u¥S.OVoEy  4E0.000E11 TINI-SOSN T06S6SCTTSSOVEY 88C 1A2A60 362 N0
9S9SN
e vZ'T 100 €000 G6'79€'T 14 Ly €000 STV6V'T  40SO0Voft  46ESYLCIT TINISSOSN TOLESYCTITEOVEY 28C T0AVv9IT 4T€ NV0
LT3LIS
Ge0 0S¢ T0°0 €000 LT€9ET ¢l €LT €000  ¥988V'T  .9T.OVoEY u6S.LSoCIT TINI-SOSN T0LSG.SCTTL20vEY 98¢ TVVOPT 362 N0
69°€ cLT €G'T €000 GE9/E'T € [44 7¢S'T GZVES'T  uSH6EoEY  L61.CTTIT TINISSOSN TOLTZZCTTISYEEEY G8C TVVO0¢ 3S€ NY0
JARIN
850 LT 100 €000 8T'29¢'T 9 T09 €000 0SVLIV'T  u9C.6€0EF  uLS/ISoTIT TINI-SOSN TOYSTSCTTLEBEEY 782 Taddee 30€ NY0
€T 44N
T1°0- 0T'¢ S0'€ €000 69'T9E'T € ¢S 870'€ T6'9V'T  4TE6SEY  WTSHSOTIT TINISSOSN TOYSYSCTIT8Z6EEY €8¢ TAVA6T 30€ N0
. 44N
900 6L'T T00 €000 CLTIET 14 0. €000 TULLY'T  u€T6SoEY  wEEPSLTIT TINI-SOSN TO9EVSZTTOZ6EEY ¢8C TVvO20¢ 30€ N¥0
9 44N
ro- 6T T0°0 €000 9€'T9E'T € vl €000  TZ8LV'T  .0L6EsEY u¥0.SSoCIT TINI-SOSN TOTOSSCTIOT6EEY T8¢ TAAAe6T 30€ NY0
¢T 44N
LT°0- 20°¢ T00 €000 0L'T9E'T 14 S €000  096LV'T  4ES8E.EV  LOEHFSoCIT TINI-SOSN TOZEYSZTTISS8EEY 08¢ TOVvd6¢ 30€ N¥0
20T S9SN
600 96'T 100 €000 98'T9E'T € 80T €000 EVB6LY'T  40S.8EoEF  LO1.SSoTIT TINI-SOSN TO9ITSSZTTESBEEY 612 TVYOVO0€E 30€ N¥0
TT 44N
00 T1°¢ S0°€ €000 €0°29E'T 14 TS 8V0'E  96°6LV'T  uEVSE.EY uTHPS.CIT TINI-SOSN TOZYYSCTTLY8EEY 8.2 1Ad24g6¢ 30€ N¥0
8 44N
8T0 10C T0°0 €000 26'T9E'T 14 4} €000  €€08V'T 4118ty uP1.SSoCIT TINI-SOSN TO60SSCTIEVSEEY L.LC TOAVO0E J0€ N0
0T 44N
100 10°C T0°0 €000 26'T9E'T 14 S €000  LS08V'T  uLESBESEY uISHSoCIT TINI-SOSN TOZSYSCITIVEEEY 9.C 1d906¢ 30€ N0
6 44N
Gc'0- 10¢C 100 €000 G9'T9E'T 4 €9 €000 OV’ 08Y'T  4SE8EoEY  LE0.SSOTIT TINI-SOSN TOZ0SSZTTOV8EEY G.C Tdvdoe 30€ N¥0
931IS
€50 9¢'¢ T0°0 €000 86'T9E'T 14 €S €000  STGLV'T  uST8EEY 460.1SoCIT TINI-SOSN TOL0TSCTTIZ8EEY V.C TVD29¢ 30€ N¥0
16 S9SN
90°0- 8¢ T0°0 €000 ¥9'T9E'T T 9vy €000  S6TI8V'T  .90.8€c€ 461.SSoCIT TINI-SOSN TOSTSSCTTLO8EEY €12 TAGVTE 30€ N0
6€°0- A €q'T €000 8E'€LE'T T LT ¥Zs'T 89'T9S'T  48S.LEoEV  49S.TTTIT TINI-SOSN TOVSZZCTT6SLEEY 212 Tvvdare 35€ Nv0
T13NI SM
10T 8E'¢C 100 €000 0T'T9E'T € 28 €000 ZT98V'T  uPLLEEY  WTHIOSLTIT INI-SOSN TO9EISCTITITLEEY T.C TOdVT0 J6Z NEO
(w)
(w) (w) (w) (w) (w) 8002 d0d 1019 ()
10119 lou1d poyjaw  UOIEBA3|D uoneaa|d aweu ‘ON 'ON
10113 uonelnap uoneao| apmuel  apnubuo aweu |eao
JUdWaINSeaW JUAWAINSEAW  [AAJ|-13)EM yuiod NlomaN ajug dep
uohewmsy - plepuels azis ajdweg wiod aoualajay
8002 8002 8002 ! asualajey

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



Water-Level Monitoring Networks, Eastern Snake River Plain Aquifer Using a Kriging-Based Genetic Algorithm Method

64

ENID

120 2S¢ 100 €000 00'T6E'T T 114 €000 06'6SV'T  ubhi6Voft  LECIYLCIT INIFSOSN TOTETVCTITSYEYEY 60€ 2900¢¢ 3A2€ N9O
1531 418d

€e0 e T0°0 €000 8T°06€'T € 16 €000  V66SV'T  .OW6VoEr u¥h.SPoCIl TINI-SOSN TOZYSYZITIV6YEY 80E 120dATe¢ ATE N90
S9SN

86'T €T T0°0 €000 98°06€'T ¥ TS8 €000  2809V'T VL6Vt uThbPoCll TINI-SOSN TO6EVYCTISI6VEY L0OE TAAdd/ec 37€ N9O
0T ANV

€20 68'T T00 €000 88'/8¢€'T 14 €S €000  S86SV'T  480.6VoEY  490.0voCIT TINI-SOSN TOY00¥ZTT606VEY 90E TdVvO9¢ 32€ N90
6 ANV

90°0- €q'T 100 €000 €€°/8¢'T 14 9% €000  88'6SV'T  4SS.8YoEV  4E0.0voCIT TINI-SOSN TO000¥ZTTIG8YEY SOE 19A09¢ 32€ N90
1259SN

6.6~ 'l 100 €000 09'98¢€'T A 012'T €000 TZ6SV'T  40S.8Voft  4I1TTELCIT INIFSOSN TO8TZECTITS8YEY Y0E 79dd9oc 3€€ N90
AITISMO ANC

cro- 160 T0°0 €000 2€98€'T 14 2s€ €000 8¥6SY'T  .61.8Yotr 460.8E€.CIT TINI-SOSN TOS08ESCTIBIBYEY E€0E TAAV9E 32€ N9O
S9SN

256 00T T00 €000 86'LLE'T 1% 026'T €000  TESTO'T  uSSOVeEV u¥T8T.CIT TINI-SOSN T0ZZ82CTTLSOVEY 20E Tvadeo 3rE NGO
T€SOSN

86°0- Ge'T T0°0 €000 98'8/€'T 14 0€T €000  6L6SV'T  uSTOVEY LETLYESCIT TINI-SOSN TOTZYECTISCOVEY TOE TOAO0T A€E NSO
dT HA

ev'l- [ASRS 100 €000 08'7.€'T S GEC €000 0LTOV'T  WOLOVoEY  49¥.0SoCIT INIFSOSN TOEVOSZTTTTOVEY 00€ TAADTT 30€ NSO
20€ S9SN

89°0- LT T0°0 €000 T16°9/€'T 1% 9ge €000  9229V'T  .00.9VoEr uLS.TE.CIT TINI-SOSN TOYSTECTTIONEY 66C TOAdeT A€ NSO
8¢ S9SN

89°C 69T T00 €000 89°08€'T 14 SPT €000  CVSSY'T  u6S.Shoth  4E0.9€.CIT TINI-SOSN TOT09ESCTTO09VEY 86¢ TAAVLT 3EE NSO
V¢ HA

0T'0 €9'¢ 100 €000 YwyLE'T 14 €1 €000 2T uLbiSYoEY  LOSISoCIT TINI-SOSN T08ZTSCTITLYSYEY 262 TOAVST 30€ NSO
87 S9SN

ov'T- LL'T T00 €000 62'8LE'T S 8¢S €000 6E'SI'T  JOVSPoEY  WTLIPLCIT INIFSOSN TO60VYZITOVSYEY 962 TO04aVPT 3T€ NSO
2€ S9SN

6.0 6.7 T0°0 €000 €9'G/E'T 14 [44) €000  BLLOV'T  uEWiboty uPTTELCIT TINI-SOSN TOTCCECTIVIIYEY S6C Tvadaecz 3€€ NSO
6T S9SN

8G°. [43) T0°0 €000 GT'8/E'T IT  €99°C €000  STVYIV'T  .9TWboEr u6S.LSoCIT TINI-SOSN T0LG.SCTIICYYEY v6C TAAOET 362 NSO
62 SOSN

LL'E 0L'T 100 €000 80'9/€'T 4 T €000 GLI8V'T  u904oEh  LES.8TLCIT TINI-SOSN TOTS8ZCTTLOVYEY €62 TVvVvdec¢ e NSO
YT 3LIS

ey 18T T00 €000 TV'SLE'T 14 160'T €000 ETCW'T  WPEEVoEY  WPEOYLTIT TINI-SOSN TOTEIVCTTIVEEYEY 262 TOD008¢ IT€ NSO
T2 S9SN

€9'¢- 89T 100 €000 LETLE'T €9 6v5'E €000 26'SIV'T  uLOSEYoEY  48T8ELTIT TINI-SOSN T09Z8ECTITLOEVEY T6C TAAV9E 3A2€ NSO

(w)
(w) (w) (w) (w) (w) 8002 d0d 1019 ()
10119 10113 poyjaw  UOIEBA3|D uoneaa|d aweu ‘ON 'ON
10113 uonelnap uoneao| apmuel  apnubuo aweu |eao
JUdWaINSeaW JUAWIINSEAW  |AAJ|-13)EM yuiod NlomaN ajug dep
uohewmsy - plepuels azis ajdweg wiod aoualajay
8002 8002 8002 ! asualajey

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



65

Table 5

S dNV
8/°0 ¢6'T 100 €000 08'T6E'T T 19 €000 TT98V'T  uLOESoEY  ubPiSPoTIT TINIFSOSN TOTYSYPZTT80ESEY 82E 1A@OAce ATE NLO
9¢ S9SN
€8'0T- VT T0°0 €000 GZ'TBE'T S 699 €000 99'09%'T  4OL.TSoSt  4EV.6E5CTT TINI-SOSN TOOV6ECTTZTCSEY L2E TVvavTT 32€ N90
dSI1a 1 131
T12°0- 09C 100 €000 82'T6E'T 4 09 €000 SOTOV'T  4€S/ISoSt  480.2HoCIT TINI-SOSN TOS0ZYZITESTSEY 92€ TADVZT 3TE N9O
9 dNV
1€°0- v¥'e T0°0 €000 9T'T6E'T 4 88 €000 OV 2or'T  LISISoEY  W¥EFP.TIT INI-SOSN TOTEVYZTITZSTSEY GZ€ TOOVOT 3T€ N90O
€dsSIa 134
9G°0 v¢'¢ T0°0 €000 GL'T6E'T T 6¢ €000 €L'8SY'T  4ETISoEY  4OV.EPoTIT TINI-SOSN TOLESYCTITVCISEY t2E TOAOTT ATE N9O
¢ S9SN
oT'0- 98T T0°0 €000 7€' T6E'T qT 8.'T €000 09°29%'T  40S.0So€v  4ST.THoTIT TINI-SOSN TO80ZYZITES0SEY £2€ 79d49dAcT 3TE N9O
6T NVL
100 1T T0°0 €000 2S'T6E'T q T¢ €000 ZUSOV'T  L0S.0So€y  WL1.THTIT TINI-SOSN TOSTZYZITIS0SEY 22€ 6dddcT 3T€ N90O
8T NVL
T0°0- 0E'T T0°0 €000 9y’ T6E'T q 144 €000 66'797'T 40S.0SEY  WLT.TYoCIT TINI-S9OSN TOYTZYZTTIS0SEY TCE ¥949dET 3T€ N9O
VYET NVL
¢00 ST €00 €000 66°06E‘T q T¢ 0€0°0 GT'8SY'T  46€.0So€Y 4OV TH.TIT TINI-SOSN TO8EZYZTITOV0SEY 0ZE ¢VOOET 3TE N9O
7T NVL
80°0- GS'T €00 €000 ¥6'06E‘T S €c 0€0°0 LT8GV T L8E.0SoEY  L6E.THCIT TINI-SOSN TOLECYZTTEE0SEY 6TE EVOOET ITE N9O
T3INVN ON
720 18°¢C T0°0 €000 88'06E'T 14 78 €000 TE6SY'T  48€.0So€t  4SESHLTIT TINI-SOSN TOVESYZITSE0SEY 8TE TvOdaT 3TE N9O
8 NVL
¢€0 A 100 €000 7' T6E'T 9 89 €000 ZST'T  LEC0SoEY  W61.THoTIT TINI-SOSN TOLTZYZTTYE0SEY LTS TAAODET ATE N9O
/T NVL
1€°0- ¢S'T 100 €000 ST'T6E'T 9 89 €000 06'097'T  4EE.0SoEy  481.TH.TIT TINI-SOSN TO9TZYZTITVEOSEY 9TE ¢ddoOET ATE N9O
ST NVL
100 8G'T 100 €000 LE'TBE'T S 144 €000 0T'09%'T  40T.0So€v 46T 1¥.C11 INI-SOSN TOLZTYZTTTZ0SEY GTE TAgdee 3¢€ N9
VYE€Z NVL
S0'0- ¢eT T0°0 €000 TE'T6E'T S T¢C €000 6T 09%'T 461,058 6T 1YoCIT TINI-S9OSN ¥0.ZTVCTT0C0SEY V1€ 9dddee 32€ N90
SNID
€00 1€¢C 100 €000 80°'T6E'T T 4 €000 20009V'T  LES.6VoEY WP IPCIT TINI-SOSN TOSETYZTTES6VEY ETE 109022 32€ N90
7 NID
S0°0 6E¢C T0°0 €000 SO'T6E'T T 44 €000 £€6'657'T uSYi6Voy  WLEIYoCIT TINI-SOSN TO9ETVCTI6V6VEY CTE £€d00¢¢ 32€ N90
¢ NID
70°0- 6E¢C 100 €000 20'T6E'T T 1N €000 06'6SY'T  u481.6VoEt  49C 1111 INI-SOSN TOVETIYZIT6V6EVEY TIE 1900¢¢ 32€ N90
TNID
6T°0- 6E'¢C T0°0 €000 28°06€'T T 44 €000 SO09V'T  uLbti6VoSt  uEVIYoTIT TINI-SOSN TOEVIVZITLY6VEY OTE Tvdadyeg a1€ N90
() () () () ()
() (w) 800¢ d0d loua
10119 10113 poyjaw  UONEA3|3 uoneaa|a aweu ‘oN "oN
1013 uoneiAap uoneao) apmne]  apnpbuoq auweu [e907]
JUSWAINSEAW  JUSWIINSEAW  [IAJ|-I3)eM jurod yomay aug depy
uoneuinsy - pIepuels azis ajdweg utod aoualajay
800¢ 8002 800¢ 1 asualajey

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



Water-Level Monitoring Networks, Eastern Snake River Plain Aquifer Using a Kriging-Based Genetic Algorithm Method

66

d9¢T S9SN

20°0- €0'¢ T0°0 €000 2S'T6E'T 14 €6 €000  T8TZS'T  48TSSoEV u9LLYoCIT TINI-SOSN TOVT.LVZTI62SSEY GEE 2dadoz ITE NLO
V92T SOSN

00°0- 70'¢ 100 €000 YG'T6E'T 14 €6 €000  V9TCS'T  u8TSSofy uSLLY.CIT TINI-SOSN TOETLVZTT6CSSEY VEE 1dddoc 31€ NLO
L dNV

88'T- 16T 100 €000 T8'T6E'T 4 09 €000 GT'GOS'T  w6L.SSofY WOV I¥oCIT TINI-SOSN TOZYYyeTTZeSSeEy €€ TAAdee dT€E NLO
€ M pue d

et 8T 100 €000 ¥6'T6E'T T 4 €000  9T'06V'T  uThi¥SoEh u104¥oCIT TINI-SOSN TO8SEVCTIEVYSEY 2EE 10dd9¢ 3TE NLO
¢ M pue d

¥¥'0- 444 100 €000 0T'T6E'T 4 86 €000  08T6V'T  u8L¥SoEy 4EESPLCIT TINI-SOSN TOTESYCTI6TYSEY TEE Tdvdse 3T NLO
TMDpued

260 88'T 100 €000 G8'T6E'T T 69 €000  92E6Y'T  uSL¥SoEv  490.9%.CI1 TINI-SOSN TOV09rZTTITYSEY 0EE TOVO8¢ 4TE N.LO
G2 S9SN

8T'0 69T 100 €000 T9'T6E'T 98 ¥85'e €000 88'8LV'T  u8C.ESoEY  u8WIVLTIT TINI-SOSN TOIWYYZIT6EESEY 62€ Tadagre 41€ NLO

(w)
(w) (w) (w) (w) (w) 8002 HdOd 1ol (w) . .
Jous woneinap 10118 10113 poyjaw  UOLEBA3|d uoneao| uoneaa|d opmue  apmibuo] aweu oN oN aweu (2907
Juawainseaw JUAWIINSE3W  |IA3|-13}eM juiod }loma ajusg depy
HONBUIRST  PIEPURIS 8002 8002 8002 azis a|duwieg wod aJuaiajay
aoualajay

panunuo)—goog Burinp
‘oyep| ‘ule|d JaAlY 9 BUS UIBISEa ‘SyI0MIBu Bulioluow [aAs|-1a1em AlolelogeT [euoieN oyep|-Asaing [eo16ojoag 'S pue aAneiadooq a1e1g-|eiapad 8yl Ul S|[I8AN  °G 3jqel



67

Table 6

1% TOSTCYCTITTSOSEY (443 6T NVL 999dET 3T¢€ N9O q TOOEETCTTTI80YY 91 TVvVvdar0 39€ N60
S TOVTCYZTTTS0SEY Tee 8T NVL1 ¥dddET 3T¢€ N90 1% TOLSETCTTESEOYY 89T Td9O€E€ 39¢€ N60
14 108ECYCTION0SEY  0C€ VET NV.L ¢wDOET 3T€ N9O € TO8TETCTTZ000Y Y eaT 1Aad2ATZ 39¢ N80
S ¥0.ZT¥2TT0C0SEY 1€ VEC NV1 9a84a¢c 3¢€ N90 1% TOTT8CCTT8CLSEY LT TOAdY0 IVE NLO
14 TOTY6ECTTSYSEEY 99¢ TO0 V SAO TINV TOVVYT 32€ NEO 1% TOETYTCTTBCLSGEY 14" 1994960 39€ N.L0
14 ¢0G¢/SZTT00SEEY AT 85 SOSN ¢vAdAyT 36¢ NEO S TOCTCTCTTBCSSEY orT yAdv¢e 39€ NLO
1% TOTTOGCTITIVEEY 8v¢ 0 S9SN TAVvArc 362 NEO 1% T0ECCCCTTI0SSEY LET 1A4920¢ 35€ NLO
S TOST9SCTT.LOVEEY Sve 9% S9SN €vAdrc 36¢ NEO € TOYE9STTT82CSEY ¢€T 1A49dco 38€ N9O
% TOZSSSCTTESEEEY LEC ¢¢T S9SN ¢vadoe 30€ NEO [4 TOTCTSTTT60CSEY T€T 1d494d0T 36€ N9O
14 TOVT9SCTTCSEEEY  9€C €21 S9SN 2VVVSZ 362 NEO q TOLECSTTTCEBYEY 144" 199482 36€ N90
1% TOGS9GCTTYEEEEY 0€¢ 7€ SOSN 10AdS¢ 36¢ NEO 9 TOSOVSTTTSTI6VEY 0ct TOAv0E€ 36€ N90
1% TOEYIGCTTCCEEEY vee 8€ SOSN TAVISC 36¢ NEO 14 €0GTLCCTTICTTEY 6 €004d¢0 3r€ SE0
S T0999G¢TT0SCEEY €T¢ 8¢T S9SN €9d4d9¢ 36¢ NEO 14 TO601ECTTI00TEY 16 Tvdart 3€€ SE0
14 T09295CTTITCEEY 902 86.T ddJI TOAA9E 362 NEO 14 TOEESECTTOTIOEY 78 29490¢€0 3€€ SY0
1% TOCYCOETTETOEEY v6T /8 SOSN TvA48T 362 NZO S T0€0CSCTTCOV0EY 08 1d494d0¢ 31€ S¥0
1% TO60E0ETTIS6CEY 06T VSTIN DINMY Tvd08T 36¢ NCO 14 T09TCSCTTYS.LG2Y [ ¢0AdeT 3T1€ SS0
S TO6SCOETTSS6LEY 68T LTT S9SN TAGI8T A6¢ NCO 14 TOBEVOETTETOVCY 13 TvO4dvr0 36¢ S60
S TOOECOETTLYBLCEY 88T 8TT S9SN TvOd8T 36¢ N2O 1% TOTETEETTEOOVCY €e TOVOE0 35¢ S60
S TOVECOETTSY6LEY 18T 6TT SOSN TA92A8T 36¢ N0 1% TO0CLCETTEYGELCY 4 1dVvV L0 39¢ S60
S TOTOEOETTBEGCEY ¥8T avIN DINMYE ¢adI8T 36¢ N0 S TOTCLTYTTSSSCCY 8 10AAse 38T STT 0¢
S TOVTZreTTTS0SEY Tce 8T NV1 ¥dadcET 3T€ N9O S TOOEETCTTTI8OVY 9T TvVvaro 39€ N60
S Y0LZTyCTT0C0SEY V1€ VEZ NVL 9addace 3¢€ N90 1% TOETYTCTTIBCLSGEY 14" 1994960 39€ N.L0
T TOLT8SCTTIBIVEEY 16¢ €¢8T 3TAdIN TVaIEZ 36¢ NEO S TOCTCTCTT8CSSEY orT yA4awvee 39€ NLO
9 TOST9SCTT.LOVEEY 174 9% SOSN €vAdre 36¢ NEO S TOLECSTTTCEGYEY 174" 1d9d8¢ 36€ N90
S 109995¢TT0S¢C€EEY  €TC 8¢T S9SN €dd99¢€ 36¢ NEO S TOSOVSTTISTEYEY 0zt TOAWVO0E 36€ N9O
1% T09¢9GCTTITCEEY 90¢ 86.T ddJI TOAA9E 36¢ NEO 1% TO60ECTTI00TEY T6 TvdarT 3€€ SE0
S TO6SCOETTSS6LEY 68T LTT S9SN TAGI8T 36¢ NCO 14 TOEESGECTTOTI0EY ¥8 ¢d99€0 3E€ S¥0
S TOOECOETTLYGLCEY 88T 8TT SOSN TVvIOd8T 36<Z N0 S TOE0ZSCTTCOr0EY 08 1949490¢ 31€ S¥0
S TOVECOETTSY6CEY 18T 6TT SOSN TA2d8T 3A6¢ NCO 14 TO8EYOETTETOVCY I Tv24av0 36¢ S60
S TOTOEOETTBEBCEY 8T advIN DINMA 2ad28T 36¢ N0 S TOTCLTYTIT1SSS LY 8 10dAs¢ 38T STT 0T
paynuapi ‘ON ‘'ON aweu (2907 payuap! ‘'ON ‘'ON aweu |29207 panowal
sauwi) as depy sawij als depy Sa)Is Jo
1aqunpy

Yomyau TNI-S9SN paziundg lomyau do-09 paziundg

[piomisu Buriojiuow [aAs]-187eM Alojeloge] [euoneN oyepl-AsAing [ea160j089 'S’ YIoMIBU TTNI-SOSN HJoMIau BulioliuowW [8A3]-181eM aAITRIad00D) 81eIS-[elapa YJomiau do-09 :suoleinalqay

"ONJBA SSOUIY 159 O UI JudtwdAoIdwl AUe JNOYIIM SUOIEIDI JAIINIISUOD ()G JOYB SOJBUIId) pue ‘0¢ () Jo Aiqeqold uoneinw ‘08 (0 Jo A1[1qeqold I9A0SS0I0 G()'() JO eI WSHID ‘00(‘T Jo ozIs uonendod
JJoMIauU TTNI-SOSN 8y 10} SI818WO|IY G'T pue Y10Miau do-00 8yl 1o} SIalswo]y Gz 40 uonnjosas pub Bulbuy e :sanjen Jslaweted [041U0D "S8YIILaS WYILIOS[E O1AUAT SAY SYIOMIAU dY) JO OB Ul [BAOWI 10J
PAYNUIPI SBM [[9M UOBAIISO dY} SAWI) JO IIqUINU :PIYIUIPI SawL ], *(STMU/AOS SSSNeIepIajeM//-d1IY) Bjep [[oM SS90JB 0 PAsn SIOYNUIPI [eoLdWNU anbiun :*oN 8)1S "S8]qe) JY10 Ul BIep UYlIM 3dUslajal SS0JD
© se pue saIngy dew uo s[[om 9}8J0] 0} Pasn 1YHUIP! :*ON de|A "APNIS SIY} Ul PAsN JOYHUSPI [[oM [80] :aLeu 2907 “(‘u) XIomiau Buriojuow Bunsixe Ue WO PIAOWAI SIS [|aM :PaAOLIa SalIs JO JaquunN]

"oyep| ‘ule|d J8AlY ByeUS UIBISEd ‘sayaleas wyiloBje onauab uo paseq |eAowal J0j palIuaP! S|IBAA 9 d]qeL


http://waterdata.usgs.gov/nwis

Water-Level Monitoring Networks, Eastern Snake River Plain Aquifer Using a Kriging-Based Genetic Algorithm Method
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Appendixes 3

Appendix A. R-Package Documentation

Appendix A is available for viewing or download at http://pubs.usgs.gov/sir/2013/5120/.

Appendix B. Information about the R Session

Appendix B is available for viewing or download at http://pubs.usgs.gov/sir/2013/5120/.
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